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Bmix  - bulk modulus of the soil-water mixture (IPa)

B = bulk modulus of polyvinylchloride (PVC) (KPa)pvc

B -- bulk modulus of the soil particles (KPa)

B - bulk modulus of water (KPa)w

C - damping coefficient

of W effective cohesion (KPa)

cc - cubic centimeters

D - damping coefficient

D - soil skeleton constrained modulus
c

D = soil skeleton constrained modulus for loading (KPa)

Dr - relative density (decimal or %)

Du - soil skeleton constrained modulus for unloading (KPa)

d - depth of buried explosive charge (M)

ES - effective stress (KPa)

e = void ratio

emin  minimum void ratio

0 = maximu void ratiomax

F(t) - applied force as a function of time ([N)

f - ground shock coupling factor

= specific gravity of solids

g - acceleration of gravity - 9.81 /sec 2
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8i - the components of the gravitational constant (K/sec 2)

hb - depth of liquefied soil for a contained explosion (N)

ho - optimum charge placement depth for maximum radius of
liquefaction at the ground surface (M)

h - depth of liquefied soil for a surface explosion (M)

K - empirical scaling constant

Kg - kilograms

V~a - kilopascals

k - Darcy's coefficient of permeability (Mlsec)

k - spring constant (N/N)

k3 - empirical scaling constant

k4 - empirical scaling constant

L a - liquefaction coefficient

log denotes logarithm to the base 10

K mass (Kg)
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MPa = megapascals

s - empirical scaling exponent

N - Newton

n - empirical scaling exponent

n - porosity of the solid skeleton

P = pore pressure (KPa)

P = pore pressure tensor (KPa)

PPR - porewater pressure ratio

PFWP Ratio - porewater pressure ratio

R - radial distance from a buried charge (N)

R2 c coeffecient of determination (%)

xviii



1Rff - effective radius of influence of a contained
explosion (M)

Rmax  - maximum radius of liquefied soil for a containedexplosion (M)

S - standard error of estimate

s - indexing parameter

t - time
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1. INMODUCTION

A. Statement of the Problem

Nearly all materials, including soil, lose strength with repeated

loadings. The number of repeated loadings required to reach failure

increases with decreasing cyclic stress intensity. When a dry, loose

sand is subjected to stresses sufficient to cause intergranular slip or

particle fracture, the rearrangement of grains leads to volumetric

compaction. Volumetric compaction can be induced by a single large

loading or a series of loadings of smaller intensity. When a

saturated, loose sand is subjected to stresses of sufficient intensity

to cause Intergranular slip or grain fracture, compaction is inhibited

because the water cannot drain instantaneously to accommodate the

potential volume change. As a result, the porewater pressure increases

since the water must support the gravity loading. The larger the

increase in porewater pressure, the greater the loss in strength of a

cohesionless soil. Depending on drainage conditions, the residual

excess porewater pressure can persist for minutes, hours or even days

until enough drainage occurs to accommodate the volume change.

Porewater pressure increases in loose, saturated sands can be

produced by sustained low frequency, low amplitude. random ground I

notions. A complete loss of shear strength, as a consequence of

reduced effective stress due to increased porewater pressures, is

termed liquefaction. This behavior can lead to catastrophic

consequences including landslides, foundation failures, ground
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subsidence and embankment failures. Liquefaction as a result of

earthquake-induced ground motions Is well understood and has been

documented by many researchers in both the field and laboratory.

Liquefaction from explosive-induced ground motions is not well

documented beyond its existence and the mechanism is not vell

understood. Field data are often limited in extent and incomplete in

detail while dynamic experimental laboratory facilities are still in a

developmental stage.

Recognition of the potential effects of explosive-induced

liquefaction warrants a study of explosive-induced liquefaction

phenomenon and related effects in the field. Danage disproportionate

to the mount of explosive used or of a nature inconsistent with

previous experience may be attributable to liquefaction. For example,

recent ro-examinations of the events at the Pacific Proving Grounds,

where nuclear explosives were detonated in the 1950's, seem to suggest

that liquefaction may be the primary factor causing the unusually

broad, flat crater shapes and other phenomenon observed there. Other

military high explosive tests, construction blasting and small scale

field tests have also shown evidence of damage beyond the direct

effects of the explosion.

Field observations and limited empirical relationships are the

current basis for evaluating and predicting explosive-induced

liquefaction. However, these empirical relationships do not have the

benefit of a large data base or extensive theoretical foundation. Of

prime importance is the development of a controlled, systematic

experimental evaluation of liquefaction in both the laboratory and

field. Such a study would vastly improve the understanding of the
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behavior of saturated granular soils under dynamic loadings and will

lead the way to a coherent, comprehensive theoretical analysis.

B. Objectives of This Study

The primary objective of this investigation was to experimentally

and systematically evaluate the behavior of a saturated granular soil

subjected to dynamic, one-dimensional, confined, compressive loadings

in the laboratory. The experiments were conducted to simulate the

field loading of a soil element located near the detonation point of an

explosive. Intense compressive loadings having millisecond rise times

occur in this region. The soil's porewater pressure response both

during and after the passage of the stress wave was used to evaluate

the liquefaction potential of the soil.

A large number of parameters have been observed to affect the onset

of liquefaction. Some are associated with the soil and underlying

bedrock while others are related to the explosive itself. In this

study. the effect of variations in the initial relative density and the

initial effective stress along with the intensity and number of applied

loadings were investigated. A projectile was fired at a confined,

water saturated sample with undrained loading conditions to simulate an

explosive loading. Experimental measurements included the applied

loading stress, the porewater pressure response and the projectile

impact velocity.

All experimental runs were conducted on saturated samples of

Monterey No. 0/30 sand at relative densities and effective stresses

ranging from 0 to 80 percent and 86 to 690 Ps, respectively. Monterey

sand was chosen because the performance of this material under static
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and very low frequency (1 cycle per second) loadings is well documented

in the literature.

Analysis of the data included an evaluation of the influence of

several parameters on the peak and long-term porewater pressure

response in the soil, the stress wave velocity and the peak particle

velocity. These results were used to define liquefaction threshold

limits and develop empirical relationships for predicting porewater

pressure increases in saturated, cohesionless soils. This

investigation has lead to the development of a new apparatus for

studying the dynamic response of saturated soils and has provided a new

approach for examining compressional liquefaction. This study has also

derived and documented some important relationships between soil

properties and compressional stress wave loading.

% %
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II. LITERATURE REVIEW

A. The Liauefaction Phenomenon

1. Effects of Liauefaction

Observations of the effects of liquefaction have been made in

connection with earthquake loadings of soils. The 1964 Alaskan

earthquake destroyed harbor facilities, roadways, buildings and homes

in Valdez, Alaska, due in part to a large flow of liquefied soil (Seed,

1968). In 1964, an earthquake in Niigata, Japan, caused extensive

structural damage as a result of bearing capacity failures. A number

of buildings sank into the ground while a sewage treatment tank floated

up above the ground and an apartment building rotated intact almost 80

degrees (Seed and Idriss, 1967). Informative reviews of earthquake-

induced liquefaction phenomena and case histories are given by Gilbert

(1976). Green and Ferguson (1971) and Seed (1968,1979).

Although such dramatic and widespread damage has not been reported

for explosions, it is not unreasonable to expect that such catastrophic

consequences as those associated with seismic ground motions from

earthquake loadings are possible. The primary sources of information

in this area are from indirect observations of construction, military

and small scale field explosive events. Where liquefaction has been MM
evidenced, water spouts, sand boils, ground subsidence and flow of

soils have followed the explosion (Benson.1983; Blouin,1978; Blouin and

Kim,1983; Carnes,1976; Charlie,1978a,b; Gilbert,1976; Melzer.1978a).

It is also believed that the unusually broad, flat crater shapes

A. %N
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observed as a result of surface and near surface detonations in

saturated soils may be indicative of liquefaction (Blouin,1978; Blouin

and Kim,1983; Carnes,1976; Gilbert,1976). Explosive loadings pose a

twofold potential for damage, including the direct effects of the

explosion as well as the additional consequences of soil liquefaction.

Reviews of explosive-induced liquefaction phenomena and experience are

given by Charlie et al. (1980, 1985), Gilbert (1976), Marti (1978) and

Rischbieter (1977).

Since the effects of liquefaction from explosive-induced ground

motions are not restricted to surface damage, both above ground and

buried structures are subject to potential damage. Therefore, the

possibility of explosive-induced liquefaction is a significant

consideration for nearby structures. The resulting damage primarily

involves bearing capacity failures, including excessive settlements,

upward movements and rotations. While such occurrences may not

necessarily damage a facility structurally, as was observed in the

Niigata earthquake, they may render it unusable from a practical point

of view. Therefore, in examining the liquefaction potential of a given

site, it is essential to maintain a 'proper perspective on site specific

field conditions and structural considerations. This is especially

true for high explosive events in areas where the groundwater table is

within the depth of influence of explosively generated stresses.

2. Definition of Lianefaction

The term liquefaction has been generally associated with the

response of loose, saturated sands to loading conditions that induce

large strains resulting in flow slides, or to describe a state of

~~*~%**~-% %~. ~ *~d~
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stress existing where the effective stress approaches zero or, when the

reduction in soil shear strength is substantial enough that the soil

behaves like a liquid. One of the first attempts at quantifying this

phenomenon was made by Casagrande (1936). Since that time there has

been increased awareness and interest in liquefaction, particularly by

researchers investigating seismic soil response. Reviews of test

procedures for dynamically loading soils and liquefaction analyses are

given by Finn (1972,1981) and Whitman (1969).

From these investigations, a number of definitions and terms

associated with liquefaction have been developed (Committee on Soil

Dynamics,1978, Seed,1976). Several definitions of liquefaction and

related observations are as follows.

LiLauLaaion: 'Denotes a condition where a soil will undergo
continued deformation at a low residual stress or with no
residual resistance due to the build-up of high porewater
pressures which reduce the effective confining pressure to a
very low value; pore pressure build-up leading to true
liquefaction of this type may be due to either static or cyclic
stress applications.' (Seed,1976).

Initial Liouefaction: 'Denotes a condition where, during the
course of cyclic stress application, the residual porewater
pressure on completion of any full stress cycle becomes equal
to the applied confining pressure; the development of initial
liquefaction has no implications concerning the magnitude of
the deformations which the soil might subsequently undergo;
however it defines a condition which is a useful basis for
assessing various possible forms of subsequent soil behavior.'
(Seed,1976).

Cyclic Liauefaction: 'Denotes a condition in which cyclic stress
applications develop a condition of initial liquefaction and
subsequent cyclic stress applications cause limited strains to
develop either because of the remaining resistance of the soil
to deformation or because the soil dilates, the pore pressure
drops, and the soil stabilizes under the applied loads.'
(Seed,1976).
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Lijnui JfUct : 'The act or process of transforming any substance
into a liquid. In cohesioLless soil, the transformation is
from a solid state to a liquefied state as a consequence of
increased pore pressure and reduced effective
stress....Liquefaction is thus defined as a changing of states
which is independent of initiating disturbance that could be
static, vibratory, sea wave, or shock loading, or a change in
groundwater pressure. The definition also is independent of
deformation or ground failure movements that might follow the
transformation. Liquefaction always produces a transient loss
of shear resistance but does not always produce a longer-term
reduction of shear strength.0 (Comittee on Soil
Dynamics,1978).

Since the work presented herein investigates the phenomenon of

liquefaction as a result of impact loadings in terms of the porewater

pressure response relative to the initial effective stress and initial

soil density, the definition by Seed (1976) for 'initial liquefaction'

and that for 'liquefaction' by the Committee on Soil Dynamics (1978)

will be used in this paper. In this way liquefaction can be evaluated

by comparing the amount of porewater pressure increase that occurs

after the attenuation of an explosive-induced or shock-induced

compressive stress wave. The porewater pressure increase above the

hydrostatic pressure, remaining after the dissipation of the

compressive stress wave, will be referred to as the 'residual excess

porewater pressure.'

3. Effective Stress and Shear Strenath

The behavior of soils under loads is governed by the principle of

effective stress (Lambe and Vhitman,1969; Terzaghi and Peck,1948).

This concept was first presented by Terzsaghi (1943) and is fundamental

to understanding the response of soils under various loading

conditions. The effective stress, a' , is defined as:

a 9&.i &N
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where, a is the total stress and u is the porewater pressure.

The shear strength of a soil. vnax , is proportional to the

intergranular pressure and the internal frictional resistance which is

expressed by:

T max M a' + a' Tan ~.(Eq. 2.2)

where, a' is the effective cohesion and #1 is the effective angle of

internal friction. For cohesionless soils the effective cohesion, c'

is zero by definition.

The condition of liquefaction requires a complete loss of shear

strength as a result of a reduction in the effective stress to zero.

The effective stress is zero when the porewater pressure increases in

magnitude equal to the value of the total stress. It is this increase

in porewater pressure from dynamic loadings which, whether from

explosives, earthquakes or shock loadings, can induce liquefaction in a

saturated. cohesionless soil.

B. Linuefaction Mechanisms

1. Rxulosive-Induced Ground Notions

An explosive event produces high amplitude, high frequency ground

notions of relatively short duration. The intense compressive body

waves generated by an explosion propagate outward from the source in a

cylindrically or spherically diverging pattern, depending on the

geometry of the source. These waves attenuate with radial distance, R,

I J ill
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from the disturbance. For cylindrical wave fronts the attenuation

occurs according to 1/(R1l/2 ) and for spherical wave fronts according to

1/2 (Rinahart,1975). Surface waves are also generated and propagate

from the source for some distance, attenuating with according to 1/(R2)

(Richart et al.,1970). Shear waves may also be produced by the

reflection of compression waves from interfaces such as the ground

surface, groundwater table, soil layers or underlying bedrock. From

explosive field ground motion records, it is evident that compression,

shear and surface waveforms exist but their exact interrelationship in

producing liquefaction is not clear.

Near a contained (no crater) explosion, the soil is loaded under

confined, uniaxial compression. This type of loading has been observed

in strain path plots of field data from deeply buried tests with

spherically shaped charges (Workman et al., 1981). Radial strains

dominate and hoop strains are virtually nonexistant until after the

compressive stress wave has sufficiently attenuated. When tensile hoop

strains are developed in the soil, relative grain movements occur and

may disrupt the soil fabric. If the magnitude of an explosively

generated stress wave is large enough, the soil will fail in shear as

the particles separate and lose grain-to-grain contact

(olszer,1978ab). This complete loss of shear strength is consistent

with the requirement for liquefaction, but this approach does not

account for the water in the pores or the small hoop strains at

distances away from the explosion.

The applied compressive load also produces a direct and immediate

porewater pressure response in a saturated soil. Correspondingly, the

soil grains and soil skeleton are also stressed, but for a saturated

.... ... ...
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soil the porevater carries a large part of the load increase. Shock

pulses generated by explosions typically result in undrained loading

conditions, particularly near the source, since the porevater pressures

cannot dissipate until after the compressive stress wave attenuates and

the system unloads. During unloading, the pressure in the grain matrix

falls short of the static value due to hysteresis and has the effect of

adding to the porewater pressure which reduces the effective stress.

The onset of liquefaction probably occurs during the unloading phase as

the system rebounds (Schaeperneier,1978a). The residual excess

porevater pressure decreases the effective stress reduces the soil's

shear strength. With time, the soil gradually regains strength as the

residual excess porewater pressure dissipates and the effective stress

is restored.

Seismic loading of the soil occurs in regions where the compressive

stress waves have attenuated and the shear waves dominate. In these

regions liquefaction may occur from repeated shearing strain reversals

in a manner similar to that observed for earthquake-induced ground

notions. For surface or near surface explosions, the stress

distributions in the soil become more complicated by the presence of

air overpressure stresses generated by the explosion (Nelzer01978b).

However. in some cases the near surface soils may undergo a one-

dimensional compressive loading from the air overpressure. This

condition may be analyzed by the sane approach suggested above for

direct-induced explosive loadings.
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2. Karthamake-Induaed Ground Notions

A seismic event produces low amplitude, low frequency ground

motions of relatively long durations and numerous cycles. Shear waves

generated during an earthquake occur as a result of stress

redistributions within the earth's crust that release energy

proportional to the fault size and shear modulus. Shear waves are

generally assumed to propagate upward from the underlying bedrock

through the soil mass in an oscillatory manner involving a series of

stress reversals. Under this action, the soil grains begin to

rearrange themselves relative to one another in an attempt to reduce

the volume of the soil skeleton and reach a condition of stable

equilibrium. As a result of the corresponding reductions in fluid

filled pore spaces, the porewater pressure increases and the effective

stress decreases. The oscillatory nature of the earthquake loading

causes the porewater pressure to gradually increase. Therefore, the

duration and number of cycles are significant factors in producing

liquefaction (Seed and Idriss,1971). Since the porewater is not

capable of maintaining any shear, the shear stresses are carried by the

individual grains of the soil skeleton. When liquefaction occurs, the

intergranular friction is temporarily lost, and the soil is not capable

of maintaining any shear strength. With time, the residual excess

porewater pressure dissipates through fluid drainage, and the effective

stress and shear strength are gradually regained.

3. Comarison of Lianuefaction Mechanisms

From the nature and geometry of explosive loadings, both

compressive and shear waves are generated. The compressive stress
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waves are most significant near the explosion and generate intense

compressive pulses. Shear stress waves dominate at distances away from

the explosion and produce oscillatory motions. Seismic ground motions,

similar to those produced by earthquake loadings, have been simulated

in the field by controlled explosive tests (Bruce et &l., 1979,1982).

The effect of these stress waves in producing liquefaction is relative

to their position and intensity as they attenuate away from the source.

It is not clear how the unloading and shearing actions are related

near the explosion and it is difficult to precisely define the

transition between then from field ground motion records. However,

these actions are consistent with observations of relatively

instantaneous liquefaction near the explosive source. At distances

away from the explosion, seismic ground motions dominate and

liquefaction may occur in a manner similar to that from earthquake

loadings at some time after the explosion has occurred. The resulting

cyclic shearing action gradually increases the porewater pressure until

the effective stress goes to zero and the soil fails. These

observations have been made by a number of investigators (Benson,1983;

Charlio,1978b; Gilbert.1976; Langley et al..1972; Melzer,1978a).

C. Factors Influencing Liqnefaction

There are a significant number of factors that have been observed

to influence the occurrence of liquefaction. Most of the experience

with explosive loadings comes indirectly in the sense that soil

donsifioation was being attempted or field blasting programs were being

conducted and liquefaction or liquefaction features may have been

noted. The general observations of many researchers involved in both

S . .. .
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laboratory and field experiments investigating compressional

liquefaction from explosive loadings will be presented. Sos

references from earthquake researchers will also be given where similar

observations have been made.

1. Soil-later System

a. Detreo of Saturation

Where the degree of saturation is less than 100 percent,

liquefaction is difficult to induce. Even small amounts of air can

significantly reduce the bulk modulus of the soil-water mixture and the

compressive stress wave propagation velocity. Richart et al.(1970)

used the equations for the compressibility of mixtures and the wave

propagation velocity in mixtures to demonstrate that the presence of

0.01 percent air in a saturated quartz sand will reduce the bulk

modulus of the soil-water system by a factor of 16, and reduce the wave

propagation velocity by a factor of four.

While liquefaction of materials containing air bubbles may be

difficult to induce by seimic loadings, it may be possible for

liquefaction to occur from intense shock loadings associated with

explosions. This can occur if the magnitude of the applied compressive

stress or strain is large enough to force the air into solution and

saturate the soil. These observations have been made by a number of

investigators (Allen,1975; Allen et al..1980 Dmitio,1978b; Florin and

Ivanov.1961; Perry,1972; Gilbert,1976; Ivanov,1967; Silver,1981; Studer

and Kok.1980; Tru,197.1969i Van der Kogel et al..1981).
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b. Relative Density

Liquefaction susceptible soils have a significant potential

for volume decrease. Earthquake-induced liquefaction typically occurs

in soils having relative densities of less than 65 percent. Loose

soils have been successfully increased in relative density by as much

as 40 percent by explosive loadings which generally results in a more

stable soil mass. Some dense soils may even become loose and this has

been mainly attributed to the dilative behavior of dense soils which

exhibit a volume increase accompanied by a reduction in porevater

pressure. These observations have been made by a number of

investigators (Allen,1975; Allen et al.,1980; Damitioo1978b;

D'Appolonia.1968; Drake,1978; Finn,1972; Florin and Ivanov.1961;

Gilbert,1976; Ishihara and Watanabe,1976; Ivanov,1967; Klohn st

al.,1981; Kok,1978; Kummeneje and Eido,1961; Kurzeme,1971; Mitchell

and Katti.1981; Rischbieter,1977; Seed and Idriss,1967; Studer and

Hunziker,1977; Studer and [ok,1980; Studer and Prater,1977; Yamamura

and Koga,1974).

. Pera

The duration of the liquefied state depends on the

permeability, compressibility, stratum thickness and drainage path

length. The rate of dissipation of the residual excess porewator

pressure is primarily controlled by the soil permeability which is a

function of soil type, density, grain size, packing, cementation and

fluid properties. High permeability soils, such as coarse sands and

gravels, tend to drain rapidly and reduce the residual excess porewater

pressure quickly enough to inhibit liquefaction and restore the
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effective stress. Low permeability soils, such as fine silts and low

sensitivity clays, are not usually prone to liquefaction. Coarse silts

and medium to fine sands have been observed to be liquefaction

susceptible as they are not capable of relieving the residual excess

porewater pressures in a short enough period of time. Surface features

generally believed to be indicative of liquefaction include sand cones,

sand boils, mall geysers and water spouts that result from the

dissipation of residual excess porewater pressures. These features

have been observed at various times after the explosion at various

distances away from the detonation point, depending on the soil

permeability and other factors. These observations have been made by a

number of investigators (Damitio,1978az Das,1983; Florin and

Ivanov.1961; Gilbort,1976; Ivanov,1967; Ivanov et al.,1981; Kok,1978a;

Kurzmo,1971; Prater,1977; Pruth,1963; Seed and Booker,1976; Studer and

Hunzikor,1977. Studer and Iok,1980; Studer and Prater.1977;

True,1967,1969).

d. Comnreasibility

The transient and long-torn porewater pressure responses to

applied compressive stress loadings are dependent upon the amplitude of

the applied stress, the compressibility of the soil skeleton, the

compressibility of the pore fluid (water and/or air) and drainage

conditions. The presence of entrapped air increases the

compressibility of the pore fluid, reducing the transient and long-term

porewater pressure increases.

The tendency for volume decrease is a necessary requirement for

liquefaction. In a saturated soil, a volume decrease causes an
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increase in porewater pressure and a corresponding decrease in

effective stress. As such, water saturated soils having a low relative

density should have a high liquefaction potential. The potential for a

soil to decrease in volume also depends on the stiffness of the soil

skeleton which is a function of both density and effective stress.

Soils having low effective stress conditions should have a high

liquefaction potential.

The presence of entrapped air increases the compressibility of the

system, reducing the potential for liquefaction and increasing the

attenuation of the compressive stress wave. In a partially saturated

soil, the tendency for volume decrease is resisted by the

compressibility of the soil skeleton, the entrapped air and the water,

whereas in a saturated soil the resistance is primarily due to the

porewater. The pore air bubbles tend to act as a *cushion' as they

absorb the compressive stress during deformation. These observations

have been made by a number of investigators (Florin and Ivanov,1961;

Gilbert, 1976; Ishihara and Watanabe,1976; Ivanov,1967; Jackson et

al.,1980; Lyakhov,1%1; Richart et al.,1970; Studer and Kok,1980; Van

dot Kogel et al.,1981).

e. Static Overburden Pressure

In general, increasing the static overburden pressure

increases the effective stress and decreases the potential for

liquefaction. With increasing effective stress the stiffness of the

soil skeleton is increased and the porewater pressure must reach a

higher value before liquefaction can occur. These observations have

been made by a number of investigators (Allen,1975; Allen et al.,1980;

III
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Danitio,1978&ab; Florin and Ivanovl1961; Ivanov,1967; Mitchell and

Katti,1981; Oriard,1976; Rischbieter,1977; Seed,1979; Seed and

Idriss,1971; Studer,l978; Studer and Hunziker,1977; Stud.r and

Prater, 1977).

Observations from field blasting experience indicate that the

presence of cohesion in soils tend* reduce the liquefaction potential

(Damitio,1978b; Gilbert.1976; Rischbieter,1977). It has generally been

observed that granular soils with little or no cohesion are the most

susceptible to liquefaction for seismic loadings. D'Appolonia (1968)

suggests that less than 10 percent silt or clay size particles is

sufficient for a granular soil to be considered cohesionless. Seed

(1981) indicates that soils containing more than 10 percent clays are

generally not sensitive to liquefaction from earthquake loadings.

S. Gradation

It has been recognized by most researchers that for explosive

and seismic loadings, uniformly graded soils, having a narrow band of

grain sizes, tend to be more liquefaction susceptible than soils having

a variety of particle sizes. The distribution of particle sizes in a

well graded soil are effective in filling pore spaces with soil grains

which increases the particle-to-particle contact area and shearing

resistance. These observations have been made by a number of

investigators (Damitio,1978b; D'Appolonia, 1968; Klohn et al.,1981;

Kummeseje and Eide,1961; Rischbieter.1977; Seed and Lundgren,1954;

N P
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Studer,1978; Studer and Hunziker,1977; Studer and Kok,1980; Studer and

Prater,1977; True,1967,1969).

Studer and Kok (1980) have noted substantial porewater pressure

increases in coarse granular soil under shock loadings in the

laboratory. Florin and Ivanov (1961) have demonstrated in laboratory

experiments that all sufficiently loose, cohesionless soils of any

grain size can be liquefied under explosive loadings.

h. Particle Size and Shae

Fine sands have been found to be generally the most

susceptible to liquefaction as compared to other grain sizes for both

explosive and seismic loadings (Damitio,1978b; D'Appolonia, 1968;

Gilbert,1976; Klohn et a1.,1981; Kummeneje and Eide,1961; Seed and

Lundgron,1954; Studer,1978; Studer and Hunziker,1977; Studer and

Prater,1977; Yang,1973).

Studer and Kok (1980) have noted substantial porewater pressure

increases in coarse granular soil under dynamic loadings in the

laboratory. Florin and Ivanov (1961) have demonstrated in laboratory

experiments that all sufficiently loose, cohesionless soils of any

grain size can be liquefied under explosive loadings.

There is relatively little information available on particle shape.

True (1967,1969) observed that a graded, angular sand showed more

evidence of liquefaction than a uniform, rounded sand under shock

loadings in the laboratory. Liquefaction of crushed quartz sand was

observed by Studer (1978) and Studer and Prater (1977) for explosive

and shock loadings. Klohn et al. (1981) were able to liquefy

subangular tailings by explosions. Ivanov et al. (1981) observed that

W A
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angular to subangular cohesionless sands had a more stable structure

under dynamic loadings than did rounded cohesionless sands. Based on

the limited data available, it appears that it is possible to liquefy

both angular and rounded cohesionless sands.

i. ila

Dilatency is believed to play an important role in the early

time response of explosively loaded soils having high initial densities

(Drake.1978; Gilbert.1976; Lyakhov,1961; Seed,1979; Seed and

Lundgren,1954; Studer and Kok,1980). In medium dense and dense sands

the dilatent nature of these states tends to inhibit the onset of

liquefaction. As shearing occurs in the soil mass, the grains slide

over and past one another causing a volume expansion of the soil

skeleton (Lambe and Whitman,1969). The rearrangement of the soil

skeleton results causes an increase in void sizes that dissipates the

residual excess porewater pressures and increases the effective stress.

In loose soils there is a tendency for a volume decrease to occur in

the soil skeleton as the soil grains try to rearrange themselves into a

denser packing arrangement. This rearrangement reduces the void sizes

which causes the residual excess porewater pressure to increase and the

effective stress to decrease. Casagrande (1936) described this

behavior and attempted to quantify it by noting that there is a

'critical density' at which no volume change will occur.

J. LoalGolg

The presence and location of the groundwater table, along with

geologic interfaces including underlying bedrock, often produce

11,1112 11 1 - '1 .
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secondary oscillatory shear, tensile, compressive and surface waves

that may influence and enhance the possibility of liquefaction under

explosive loadings. Stiff, dense soils and rock transmit high

frequency and high amplitude ground motions. The magnitude of these

ground motions depends on the proximity of the soil and rock to the

explosive detonation point (Drake and Ingram,1981; Ivanov,1967; Oriard,

1976; Sanders,1982).

k. Soil-Rock Material Hysteresis

When matirisl damping is high, the attenuation of explosively

generated stress wave energy is greater and the extent of the liquefied

zone is redvced. Damping is a function of frequency, compressibility,

strain amplitude and material properties. The denser and stiffer the

soil or rook the higher the frequency and amplitude of the transmitted

explosive-induced ground motions (Oriard,1976; Richart et al.,1970;

Rinehart, 1975). Dynamic tests of dry granular soils show that they

exhibit an IS*-shapod stress-strain curve and a locking phenomenon. It

is believed that this may have a significant effect on the rise time of

explosive-induced stresses, involving a strain rate soil strength

dependency (Jackson et al.,1980; Whitman,1957; Whitman and Healy,1962;

Whitman et al.,1964).

2. Explosive Loadina Parameters

a. Load Intensity

The potential for liquefaction is strongly influenced by the

magnitude of the applied stress and resulting strains. Larger

intensity charges are necessary to induce liquefaction with increasing

L - ~ -
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depth and initial density. A series of consecutive explosions are

usually more effective due to the superposition of-applied stresses.

These observations have been made by a number of investigators

(Damitio,1978a; Florin and Ivanov.1961; Iall,1962; Ivanov,1967; Klohn

et al..1981; Mitchell and Katti,1981; Studer and Prater,1977; Yammura

and Koga,1974; Yang,1973).

b. Depth of Burial of Charie

A contained explosive charge is more effective in producing

liquefaction than a surface charge of comparable weight and density

since more of the explosive energy is transmitted to the soil.

Explosives are most effective in producing liquefaction when placed at

a depth of about two thirds the stratum thickness of the potentially

liquefiable soil deposit (Damitio,1978az Iall,1962; Mitchell,1970;

Mitchell and Katti.1981; Prugh,1963.

Under given circumstances (i.e., loose, saturated, cohesionless

soil within the influence of a sufficiently intense explosive loading),

the energy released from a surface or near surface explosion of

sufficient intensity can produce liquefaction (Charlie,1978b;

Benson,193; Blouin,1978; Blouin and Kim,1983; Damitio,1978a,b;

Gilbert,1976; Ivanov,1967; Yang,1973). It is also feasible that a

surface and a buried charge can be scaled accordingly to produce the

same depth of liquefaction. Using the empirical relationships

presented in the later part of this chapter, the required surface

charge is estimated at about 10 tines that required for a buried charge

to obtain the same depth of liquefied soil.

--=!
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c. Charge Density and Shape

As the density of a charge or series of charges increases, the

ability to induce liquefaction also increases since a load of greater

intensity will be produced. Experience has shown that the most

efficient charge shape Is a sphere. However, since the weight must

increase with depth of burial to be effective, cylindrical charges

having a height of about three to four times the diameter are generally

used (Damitio,1978a; Ivanov,1967; Oriard,1976).

d. .Charto Woah1

In general, ground shock amplitude increases, frequency

decreases and the extent of the liquefied zone increases with

increasing charge weight. Repeated loadings with small, properly

sequenced charges, are the most effective in producing liquefaction.

However, single large charges of sufficient intensity are also capable

producing liquefaction (Charlio,1978b; Benson,1983; Dlouin,1978; Blouin

and [iu,19S3; Dsmitiolg978a,b; Gilbort,1976; Hall.1962, Ivanov,1967;

Lyakhov,1961; Oriard,1976; Yang,1973).

e. Delay Times. Charge Patterns and Number of Cycles

Experience has shown that properly sequenced, successive

explosions are more effective in producing liquefaction than a single,

large explosion. The time delayed loadings take advantage of the

superposition of applied stresses and the effects of repeated loadings

(Damitio.1978a; Hall.1962; Ivanov,1967; Kummeneje and Eido,1961;

Ovisrd.l976).
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For explosive loadings, the duration of the applied compressive

stress wave the superposition of stresses from consecutive delayed

detonations can induce liquefaction. If the porevater pressures are

allowed to dissipate between detonations, the soil can stabilize and

may become more resistant to further liquefaction. These observations

have been made by a number of investigators (Damitio,1978a.b; Florin

and Ivanov,1961; Ivanov,1967; Kummoneje and Eido.1961; Oriard,1976;

True,1967,1969).

The geometrical attenuation of stress waves propagated during an

explosive event can be altered by the proper selection of delay times

and charge patterns to produce stress distributions that can induce

liquefaction. Superimposed shock waves from simultaneous explosions

can increase the extent of the liquefied zone. However, the

appropriate sequencing of delay times presents a complicated problem.

If the delay times between successive charge detonations is too short,

then incomplete liquefaction occurs. If the delay times are too long,

then the soil is allowed to drain and stabilize before being fully

liquefied and may in fact become more resistive to liquefaction. These

observations have boon made by a number of investigators

(Damitio01978ab; Hall,1962; Ivanov,1967; Klohn et al.,1981; Kunmeneje

and Iide,1961; Oriard,1976; Mitchell,1981; Prugh,1963).

The number of cycles and the period of application are significant

factors in producing liquefaction for seismic loading. For example, if

the duration of the 1964 Alaskan earthquake had been shorter,

liquefaction would not have occurred over such an extensive area (Seed

and Idriss,1971). The superposition of successive explosive

detonations also produces a series of stress wave 'cycles' that can

11 1 l l= =I 1 1 1 0 1 1 1 1 i l J l
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cause liquefaction if the residual excess porewater pressure is not

allowed to dissipate between charge delays (Damitio 1978a).

f. Geometric Attenuation

The attenuation of the applied compressive stress wove depends

on many factors including the stiffness and density of the soil or

rock, soil saturation, soil compressibility, charge geometry, load

intensity and duration of the applied load. The geometric spreading of

stress waves accounts for a major portion of the attenuation with

distance. Cylindrically shaped charges generate stress waves that

propagate from the source in a cylindrically diverging pattern.

Spherically shaped charges generate stress waves that propagate from

the source in a spherically diverging pattern. Both charge geometries

attenuate the stress wave in an ever expanding radial manner. The

mount of attenuation generally tends to increase with depth and

distance away from the detonation point. These observations have been

made by a number of investigators (Drake and Ingrm.1981; Klohn et

al.,1981; Lyakhov,1961; Melzer,1978b; Oriard.1976; Rinehart.1975.

Rischbieter at al.,1977; Sanders,1982; True,1967,1969).

3. Summar

As can be seen by the number of parameters that influence the

occurrence of liquefaction, a complete characterization of a given site

becomes extremely difficult and complex. Evaluating each parameter is

cumbersome task with much uncertainty. There is some control that

can be exercised in connection with the selection, location and

detonation of the explosive charge, but this is limited in terms of

-L~-. e* e..
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site response. Under such circumstances, it is necessary to treat

these factors in a g*&oral manner with a number of simplifying

assumptions so that this information can be applied to a variety of

sites. Obviously this limits the applicability of general trends

observed to different soil types. However, for any particular case, it

should be emphasized that site specific conditions must be thoroughly

investigated and incorporated into a comprehensive analysis and

evaluation.

D. Field Exnerigne

1. Military High Explosive Events

The detonation of high yield explosives by the military has been

done primarily to investigate structural response and crater formation

processes (Crawford et &1., 1974). Considerable attention has also

been given to evaluating the dynamic in situ properties of various

geologic materials. However, little consideration has been given to

evaluating the liquefaction phenomenon for these events. Available

data on porewater pressure response are limited at best and are often

sketchy and incomplete. Indirect observations of liquefaction have

been made at some sites and do provide some useful information. At

sites having cohesionless soils where the groundwater table is near the

surface, the craters are typically broad and flat in shape. In areas

where the groundwater table is not within the depth of influence of the

explosion, craters generally assume a deep bowl shaped form. Such

observations have only recently caused a re-evaluation of past events

where unusual cratering phenomena have been noted and it is believed

this could possibly be explained in terms of liquefaction.
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At the Pacific Proving Grounds. possible indicators of explosive-

induced liquefaction include broad, flat craters, sand cones, sink

holes and other collapse features beyond the crater rim (Blouin,1978;

Blouin and Kim,1983; Couch et al.,1975; Ristvet et al.,1978). The

SNODALL event also had a broad, flat crater with water, sand and silt

flowing into the area after the explosion (Gilbert,1976; Jones,1976;

Roddy.1976a,b). Similar trends were observed at the PRAIRIE FLAT

event, Including sand boils, water spouts and ground subsidence

(elzer,1978a; Roddy,1976b). Piezometers installed at the DIAL PACK

event test site indicated that residual excess porewater pressures

existed for some time after the explosives were detonated

(Charliel978a, Langley et al.,1972). The PRE-DICE 7HROW II event

exhibited similar behavior. Spring* flowed for several hours after the

explosion and the resulting crater depth was about half that predicted

(Melzer,1978a). The DISTANT RUNNER I field test formed a large, deep,

bowl shaped crater initially, with water later flowing in and nearly

filling it. The DISTANT RUNNER III event produced a wide, flat crater

that filled with water and sand immediately after the explosion. The

DISTANT RUNNER events occurred about 350 meters apart in similar

geologic materials, but had markedly different cratering

characteristics. The differences in the resulting crater formations is

believed to be due to variations in the soil profiles and liquefaction

effects at these two sites (Benson.1983).

All these events took place in loose, saturated soils where the

groundwater table was shallow relative to the depth of influence of the

explosion. It should be noted that except for the DIAL PACK event,

there is virtually no data available from these sites for any direct

si 'V N N
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measurements of porewater pressure response. Considering that soil and

groundwater conditions for the occurrence of liquefaction exist in many

areas of the world, particularly when subjected to explosive loadings,

this lack of data is unfortunate.

2. Construction Blasting

Much of the field experience in explosive-induced liquefaction

has come from the practical application of explosives to engineering

problems. As early as 1932, explosives were used to compact fill in

the United States (Engineering News Record,1932). Since that time,

there have been many reports of field blasting programs involving the

densification of loose sand deposits, stabilization of submerged slopes

and site preparation (Abelev and Askalonov,1957; Ivanov,1967;

Eall.1962; Kummeneje ad Eide.l961; Klohn et al.,1981; Kok,1978c; Long

et al.,1981; Lyman.1942; Mitchell and Katti,1981; Nueller,1971;

Obermeyer.1980; Prakash and Gupta.1970; Prugh,1963; Quieroz et

al.,1967; Sanders,1982; Solymar.1984; Solywar et al.,1984;

Terzaghi,1956s Wild and Iaslam,1962). During these events, care is

often taken to monitor the porewater pressure response and settlements

and to tailor the field blasting program to minimize the potential for

liquefaction. These operations have provided some data and practical

observations of soil and porewater pressure response under field

explosive loadings.

3. Small Scale ield Eziperimenta

Some work has been done with field experiments specifically -
designed to investigate soil liquefaction and compaction. Russian and
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European researchers have performed tests in saturated, sandy soils to

investigate the effect uf charge weight, location, patterns and delay

times on liquefaction (Ivanov,1967; Kok.1977.1978ab; Lyakhov.1961;

Puchkov.1962; Rischbieter,1978; Schaepermeier,1978b,o; Studer et

al.,1978; Trense,1977). These investigations have led to the

development of empirical equations that can be used to estimate the

extent of liquefaction at a site in terms of explosive charge

parameters. Similar investigations have been conducted by researchers

in Japan (Tamamura and Koga,1974) and India (Arya et al.,1978; Prakash

and Gupta,1970). The U.S. Army Corps of Engineers Waterways Experiment

Station has conducted field explosive tests at several locations to

investigate the influence of charge location relative to the

groundwater table (Drake,1978; Carnes, 1976; Perry,1972). Evidence of

liquefaction was not observed where dense, coarse or very fine sands

existed or where conditions of saturation were not evident. It has

been noted that where broad, shallow craters were produced in these

small scale tests, loose, saturated soils were within the depth of

influence of the explosion. Conversely, where deep bowl shaped craters

were formed this was not the case. These observations are consistent

with experience gained in military high explosive events.

E. Laboratory Experience

1. Small Scale Explosive Tests

A limited amount of tests have been conducted using small scale

explosive events in the laboratory. The Russians have investigated the

effects of surface, buried and underwater explosions in loose,

saturated, sandy soils. These soils were tested in metallic tanks and
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reinforced concrete trays (Ivanov.1967). Soil stress and porewater

pressure measurements were made and the influence of successive

detonations and delays was examined. Buried charges and appropriately

sequeneod delays were found to be the most effective in producing

liquefaction. This Is consistent with results obtained in small scale

field tests. Laboratory tests have also been conducted to evaluate the

effect of charge placement on cratering in loose, saturated, sandy

soils (Piekutowshi,1976i Vesic et al.,1967).

Attempts have been made to use the centrifuge to model field

explosion conditions (AI-Iussani.1976; Fragassy et al.,1983;

Sameso1978; Schmidt.1976; Schmidt et al.,1981). This laboratory

technique involves the 8ubsceale modeling of prototype stress levels

where small explosive charges are detonated under the influence of an

acceleration field. Results have Indicated that it is possible to

induce liquefaction by this method. Some measurements have been made

of soil and porewater pressure response. Cratering observations have

generally been consistent with field experience. Fragaszy et al.

(1983) have presented their findings in terms of a porewater pressure

ratio (the ratio of the residual excess porewater pressure to the

initial effective stress) as a function of charge weight and this

relationship is presented in Figure 2.1.

2. SAok.Loding

Experiments have been performed using air shock loadinSs to

develop compressive stresses on the order of 0.20 MPa with millisecond

rise times. A direct stress loading (Van der Kogel et al.,1981) and an

air overpressure loading that passes over the soil have been used

''1*~"~* '=p
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(Studer,1978; Studor and Prater,1977; Quaak,1978). The direct loading

tests were done on dry and partially saturated sands. Test results

indicated that rise times for porewater pressure response decreased

with increasing degrees of saturation. The air overpressure loadings

were done on loose, saturated sands. Liquefaction was observed as a

result of residual excess porewater pressures remaining after the

stress wave was passed over the samples. Perry (1972) investigated the

effects of density and moisture content on the liquefaction potential

of loose sands using an explosive overpressure simulation device.

Liquefaction was evaluated by monitoring the relative movements of a

number of variable density inclusions in the sand after loading. In a

few cases liquefaction was observed at low relative densities and high

moisture contents.

Impact loading tests of saturated and nearly saturated sands have

also been done. Tanimoto (1967) used a swinging pendulum to impact the

side of a vertical column of loose, saturated sand. Measurements were

made of porewater pressure increases and settlements caused by

liquefaction. Greater settlement occurred with greater increases in

porewater pressure. [ok (1977) also used a pendulum to apply a

horizontal impact to a vertical column in order to observe the effect

of applied stress intensity on the gradient across the soil. The more

intense the applied load, the larger the gradient across the sample.

Ruygrok and Van der Kogel (1980) used a free falling weight system to

simulate the loading applied by ocean waves on covered, loose, nearly

saturated sand and were able to obtain liquefaction in a number of

tests. Allen (1975) and Allen et al.(1980) investigated the effects of

II '' II -I
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saturation and relative density on stress wave propagation velocity,

observing higher velocities for dense, saturated soils.

Dynamic ram loading systems have been developed at the Waterways

Experiment Station (Jackson1978; Jackson et al.,1980; Seaman1983).

These devices are capable of generating shock loads of up to 400 MPa

with millisecond rise times on uniaxial and triaxial test specimens.

Dynamic compressibility, vertical stress and deformation can be

measured. Based on an analysis of test data, it has been shown that

strain rate effects become significant for submillisecond rise times in

dry and partially saturated soils. Plans are being made at this time

to incorporate a dynamic porewater pressure measurement system.

3. Quasi-Static Loading

Experiments using quasi-static, isotropic compressive loadings

have been performed to investigate the liquefaction susceptability of

saturated coral sands and saturated quartz sands (Fragaszy and

Voss,1981; Fragaszy et al.,1983). The coral sand was obtained from the

Eniwetok Atoll in the south Pacific which was the site of nuclear

explosive detonations in the 1950's (Couch et al., 1975; Ristvet et

al., 1978). A complete loading cycle was applied in one to two minutes

and applied stresses were on the order of 35 EPa. Both drained and

undrained behavior were examined and some evidence of liquefaction was

observed in a few tests during unloading. Results indicate that grain

fracturing may be a significant factor in liquefying coral sands and

that it is possible to induce liquefaction by applying an isotropic

compressive loading. Although porewater pressure increases were

observed in the quartz sand, liquefaction did not occur.

"N % " P P
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F. Emuirical Relationshins

The empirioal relationships that are available have been developed

from field experience using buried charges in loose, saturated,

granular soils. They are useful approximations that can be applied in

a general manner to a variety of soils in field blasting programs where

buried charges are used. However, they should be used with appropriate

Judgement and consideration for particular site specific conditions.

1. Ixalosive Charae

Based on field experience and observations, several empirical

relationships have been developed to estimate the extent of the

liquefied zone and the radius of influence of contained charges. These

equations were obtained using buried, contained explosions unless

otherwise indicated.

The required charge weight, V, in kilograms per delay to insure a

contained explosion, is given by (Ivanov.1967; Damitio,1978b):

W - (0.55) d3  (Eq. 2.3)

where, d is the buried charge depth in meters.

The depth of the liquefied soil, hb . in meters for the charge

weight. V. in kilograms per delay given in Equation 2.3, is given by

(Ivanov, 1967; Dmitio,1978b):

hb  a (1.5) d (Eq. 2.4)

where, d corresponds to that used in Equation 2.3.

, MI - s 9~*.*~~ ~%', V'~~
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The optimum placement depth, ho , in meters for a charge weight,

W. in kilograms per delay to obtain the largest radius of liquefaction

at the ground surface, is given by (Lyakhov,1961):

ho = (2.5) W113  (Eq. 2.5).

The maximum radius of the liquefied region, RMax , in meters, for

the optimum placement depth, h , in meters from Equation 2.5, is given

by (Lyakhov,1961):

R = (b) W1/3  (Eq. 2.6)
max

where, W is the charge weight in kilogramn per delay and b is a

coefficient based on the charge weight and scaled depth of burst,

d/V1/3 , given in Figure 2.2.

The maximum radius of the liquefied region, Rmax , in meters for

the charge placement depth used in Equation 2.3, is given by

(Ivanov,1967; Damitio,1978b):

Rmax I k3 Wl/3 (Eq. 2.7)

where, k3 is an empirical factor based on relative density and grain

size, having values given in Table 2.1.

The effective radius of influence of a buried charge, Rof f  , in

meters, is given by (Ivanov,1967; Damitio,1978b):

Reff k4 W1/3 (Eq. 2.8)

where, k4 is an empirical factor based on relative density and grain
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Table 2.1 Epirical Soaling Factors, k 3 and k4 for Use
for Use in Equations 2.7 and 2.8
(Ivanov.1967; Daaitio.1978b)

Type of Soil Relative Density k 3k4

Fine Sand 0.0-0.2 25 -15 5- 4

Fine Sand 0.3-0.4 9 -8 3

Fine Sand > 0.4 < 7 < 2.5

Medium Sand 0.3 -0.4 8 -7 3-2.5

Medium Sand > 0.4 ( 6 <2.5
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size, having values given in Table 2.1. In-plane charge spacings

should be limited to two times the effective radius of influence for

maxim= effectiveness.

An estimate of the maximum depth of liquefaction, ha , in meters,

was determined from tests using surface detonations of explosives and

is expressed by Equation 2.9. Due to the lower ground shock energy

transmission from surface explosions, the extent of the liquefied zone

is less than for buried charges (Ivanov,1967; Damitio,1978b):

h = (1.2) V1/3  (Eq. 2.9).

2. Comoressive Stress

Several empirical relationships have also been developed to

estimate peak compressive stresses developed in the soil as a function

of charge weight and distance from the detonation point. The equation

for the peak compressive stress, apk , in Pa. has the following form:

K ( )-n (Eq. 2.10)

where, I is the radial distance from the charge in meters, V is the

charge weight in kilograms per delay, K is a ground transmission

constant based on charge confinement conditions and local geology, and

n and a are empirical exponents. When m is taken as one half, the

equation is referred to as 'square root scaling' and generally matches

results from row, line and near surface charges. When m is taken as

one third, the equation is referred to as 'cube-root scaling' and

generally matches results from deeply buried point charges (Ambraseys
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and Eendron,1968; Dowding,1985; Drake and Ingram,1981). In the field

the actual propagation relationships should be established by small

scale in situ explosive tests.

For a saturated soil, the peak compressive stress, apk V in MPa,

from contained point charges, is given by (Lyakhov,1961):

a (58.9) (...1 .105 (Eq. 2.11).

The peak compressive stress, 6pk 0 in UPa, from concentrated

charges detonated in water, is given by (Cole,1948):

( 54.9) (1R/) - 1 "13 (Eq. 2.12).

In comparing Equations 2.11 and 2.12, it can be seen that they

differ only slightly in their constants which indicates that the peak

compressive stress developed in a saturated soil is very near to that

developed in water. However, since a saturated soil is a two-phase

medium, different behavior can be expected under explosive loadings.

The peak compressive stress, 'pk , in XPa, from concentrated

charges detonated in a saturated sandy soils, is given by (Drake and

Little,1983):

- (5.6 x 10-6) M) (Pt Vc (..R3)-2.35 (Eq. 2.13)

where, f is a ground shock coupling factor found in Figure 2.3 , Pt is

the total mass density in kilograms per cubic meter and V is the

compressive stress wave propagation velocity in meters per second. The
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quantity 'pt VC' is commonly referred to as the acoustic impedance or

specific acoustic resistance of the medium.

3. Particle VolocitZ
A widely used scaling law for peak particle velocities, V A in

meters per second, as a function of charge weight and distance from

detonation point, has the following form:

Vpk  = (_A)- (Eq. 2.14)

where, R is the radial distance from the char$e in meters, W is the

charge weight in kilograms per delay, K is a ground transmission

constant based on charge confinement conditions and local geology and n

and m are empirical exponents. When m is taken as one half, the

equation is referred to as 'square toot scaling' and generally matches

results from row, line and near surface charges. When a is taken as

one third, the equation is referred to as 'cube-toot scaling' and

generally matches results from deeply buried point charges (Ambraseys

and Iendron,1968; Dowding,198; Drake and Ingram,1981). In the field

the actual propagation relationships should be established by small

scale in situ explosive tests.

For large explosions in deep soil deposits, Drake and Ingram (1981)

suggest that the following equations be used to estimate the peak

particle velocity, Vpk , in meters per second, for row charge explosive

configurations:

Vpk (7.2) . ) l1 is (Eq. 2.15)pk 1/



42

where. W is the charge weight in kilograms per delay per meter of

charge row length, and for point charge explosive sources:

V (8.0) (I- .1)-2"3 (Eq. 2.16)
A W 1/2

where, V is the charge weight in kilograms per delay.

The peak particle velocity, Vk & in moters per second, from small

buried charges in saturated sands, is given by (Long at al., 1981):

Vpk ( (0.6) (R) -1 3 5  (Eq. 2.17).

Drake and Little (1983) recommend the following equation for the

peak particle velocity, Vpk , in meters per second, for contained point

charges in loose, saturated sands:

V (5.6) (f) ( 1 235 (Eq. 2.18)

where, f is a ground shock coupling factor found in Figure 2.3.

4. Lianuefaction Coefficient

Based on a series of tests using buried, contained, point charges

in loose, saturated sand, Kok (1977,1978b) and Studer and [ok (1980)

developed an empirical relationship for estimating residual excess

porovater pressure increases in the field. The relationship is

expressed in nondimensionalized form as a function of charge weight and

radial distance from the charge:
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L./3 (Eq. 2.19)Lo  u - 1.65 + 0.64 In ( R )

0

where, L 0is the liquefaction coefficient, u ris the residual excess

porewater pressure, a; is the initial effective stress, R is the radial

distance from the charge in meters and V is the charge weight in

kilograms per delay. The relationship given by Equation 2.19 is

presented in Figure 2.4 for various porewater pressure ratios. Field

explosive test results are shown in Figure 2.5.

G. One-Dimensional Stress Wave Prooazation

Two useful equations have been developed from the theory of

elasticity and the theory of stress wave propagation in a linear

elastic, isotropic, homogeneous medium. The equations were derived

considering a planar, longitudinal, compressive stress wave propagating

along a medium. In general, these equations are only approximations

for soils based on the assumptions in their derivations and can only be

applied for mall strain conditions. However, in a saturated soil with

undrained loading conditions, the response is primarily governed by the

water phase, making the assumptions reasonable and justifying the use

of these equations. Rinehart (1975) indicates that these relationships

are valid on the wave front of any type of propagating stress wave, but

are only valid for planar stress waves propagating behind a wave front.

1. Comeressive Stress

A linear relationship exists between the instantaneous stress at

any point in an elastic medium propagating a stress wave and the

particle velocity at the same point. The equation relating the

T.,II ....
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compressive stress, a0 and the particle velocity, V P is given by

(Igolsky,1963; Timoshenko and Goodierl970):

% - ( V0 ) V P(Eq. 2.20)

where, p is the mass density and V 0is the compressive stress wave

propagation velocity through the medium. no. quantity 'pV c Iis

commonly referred to as the acoustic impedance or specific acoustic

resistance of the medium.

2. Comaressive Strain

The compressive strain, a 0 developed in the medium can be

determined form the following equation Ckolsky,1963. Timoshenko and

Goodier.l97O):

V 2c (Eq. 2.21).

It can be seen from Equation 2.21 that the compressive strain. aso is

only a function of the compressive stress wave propagation velocity

through the material and the particle velocity as the stress wave

propagates.



Il1. DEVEOPMENT OF A NEW EXPERIMENTAL SOIL DYNAMICS FACILITY

A. Design of the Exuerimental Facility

An experimental facility was designed and constructed to investigate

the transient and long-term porewater pressure response of saturated

soils. Samples of saturated sand can be prepared at varying initial

densities and effective stresses. The experimental boundary conditions

are for one-dimensional, confined, compressive loadings without

drainage. The system is capable of applying compressive shock loadings

on the order of 35000 KPa having millisecond rise times to peak stress.

The experimental facility is located in the Department of Civil

Engineering's Geotechnical Engineering Research Laboratory at Colorado

State University. The facility is divided into two areas. One

contains the electronic recording equipment and supporting devices and

the other contains the experimental set-up which is located behind a

concrete wall for safety. Various aspects of the system, including the

design considerations and construction, will be discussed in the

following sections.

B. Cannon for Shook Load Apnlication

To simulate the compressive stress conditions associated with

explosive loadings, it is necessary to apply a high amplitude stress

having a millisecond rise time to peak stress. The possibility of

using a compressed air shock loading system, similar to that used in

typical shock tube experiments, was considered but then abandoned since
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it did not meet the loading requirements of this experimental

investigation. Further investigations into the literature showed that

direct impact methods would be the most practical way to obtain the

compressive stress pulse desired, without using explosives. A loading

system using a gas powered cannon that fired a 6.80 cm diameter, 10.15

cm long stainless steel projectile was designed and constructed. The

cannon operates using compressed nitrogen gas and has one internal

moving part called a 'poppet valve.' The principle of operation

involves applying an equal pressure on both sides of the poppet valve

when preparing to fire. The release of pressure on one side of the

valve to atmospheric pressure allows a rapid release of the remaining

high pressure into the cannon barrel to propel the projectile. The

projectile velocity was varied by using different nitrogen pressures in

the cannon. The cannon design was based on a working system in the

laboratory used for dynamic loading of rock core specimens. The cannon

was pressurized and fired by a manually controlled mechanical valving

system. Figure 3.1 shows the cannon.

C. Confining Tube

One objective of these experiments was to examine the influence of

the initial effective stress on the sample's porewater pressure

response. A controlled method of applying both a confining pressure

and a back pressure to the sample was developed. Since a direct impact

method of stress application was to be used, consideration was also

given to insuring that nearly all the loading was applied to the sample

and not the confining tube system.

-s &L-rAYAIMU !
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Figure 3.1 Cannon for Application of Impact Shock Loadings

-- ~~~ %n- b * WX d.. .



so

The confining tube was constructed from a 122 cm long section of

seamless, stainless steel pipe having a 1.27 cm wall thickness with a

8.90 on inside diameter. Welded to each end of the confining tube was

a 30.48 c diameter, 2.54 cm thick, drilled, stainless steel flange

plate used to bolt the entire system together. High strength steel

bolts with lock washers were used on each flange plate. The confining

tube was filled with distilled, de-aired water. A pressure line was

attached to the tube at the midpoint using a high pressure, one-way

quick disconnect valve lh series with a high pressure plug valve. This

type of connection was used to maintain undrained loading conditions.

Pipe thread fittings were used in connecting the valves to the

confining tube for a high pressure seal. The confining tube was

pressurized by a small hydraulic pressure vessel filled with distilled,

de-aired water and connected to a high pressure air line. The pressure

vessel was used to maintain an Interface between the air pressure and

the water. The distilled, do-aired water in the confining tube and the

pressure vessel was periodically replaced. Based on the effective

stress required, the line air pressure would be increased to the

correct confining pressure which then applied pressure to the confining

tube thro sh the interface vessel. The interface pressure vessel is

shown in Figure 3.2.

The porewater pressure transducer where the measured pressure would

be the impact stress applied to the sample. The transducer was located

as near to, the sample as possible in the confining tube. The

transducer was flush mounted with the inside of the confining tube wall

and a high pressure seal was obtained according to the manufacturer's

specifications.
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Figure 3.2 Interface Pressure Vessels Used in Pressurizing
the Confining Pressure Tube and the Sample Con-
tainer
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The end of the confining tube impacted by the projectile, was

required to effectively transmit the impact stress to the confining

pressure. This could not be accomplished with a stiff, rigidly fixed

loading plate since under such conditions the applied stress would be

transmitted to the confining tube. In meeting this requirement, a

stainless steel impact piston was designed that was not directly

attached to the tube. The piston was allowed to move under the applied

load. One end of the piston was machined to fit within the end of the

confining tube and was equipped with five high pressure O-ring seals.

The other end of the piston was machined to the projectile diameter

with a bevelled edge for placing a brass loading cap. The loading cap

was used to prevent excessive deformations of the exposed end of the

piston from repeated impacts.

A 2.54 cn thick. 30.48 cn diameter stainless steel plate was bolted

on the impact end to hold the piston in place. The plate was fitted

with a high pressure 0-ring seal that came in contact with the end face

of the confining tube. The hole in the plate for the piston contained

two teflon rings to minimize friction between the piston and the end

plate. Details of the impact piston, the confining tube and the

porewater pressure transducer location are shown in Figure 3.3.

D. Semele Container

An important requirement in the design of the sample container was

to have undrained, one-dimensional, confined compressive loading

conditions. To accomplish this, the design used a rigid sample

container to minimize system strain effects on the soil sample. It was

also necessary to be able to apply a back pressure within the sample

-p p
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and have a large aspect ratio for the sample (i.e. thin sample) to

minimize any inertia effects that might occur with the passage of the

stress wave.

The sample container was constructed from of a 15.25 cm long

section of seamless. stainless steel pipe having a 1.27 ca wall

thickness with an 8.90 an inside diameter. Welded to each end was a

30.48 on diameter. 2.54 an thick, drilled, stainless steel flange plate

used to bolt the entire system together. High strength steel bolts

with look washers were used on each flange plate. Two pressure lines

were attached to the container at the midpoint using a high pressure,

one-way quick disconnect valve in line with a high pressure plug valve

on each. The lines were located 180 degrees apart and used in

preparing and saturating the sample. This type of connection was used

to maintaia udrained loading conditions. Pipe thread fittings were

used in connecting the valves to the sample container for a high

pressure seal.

In pressurizing the sample container, it was necessary to prevent

any soil grains in the sample from moving out into the two pressure

lines. A modified fitting with a recessed internal slot was used. A

small porous stone was sized to fit snugly in the recess of the two

fittings. Each stone was securely glued in place with a silicone

adhesive.

Since air bubbles in the sample could not be tolerated, it was

necessary to flush and back pressure the sample container using

distilled, do-aired water. The sample was back pressured using a small

hydraulic pressure vessel filled with distilled. de-aired water and

connected to a high pressure air line. Figure 3.2 shows the pressure

goal,, I"
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vessel which was the same design as that used for the confining tube.

The pressure vessel was used to maintain an interface between the air

pressure and the water. The distilled. de-aired water in the pressure

vessel was periodically replaced. A 0.033 cm thick latex rubber

membrane was placed between the sample container and the confining tube

before bolting them together. The line air pressure was increased to

345 KPa which then applied the back pressure to the sample container

through the interface vessel.

The porevater pressure transducer was located where an average

sample porewater pressure would be measured. The transducer was placed

at the midpoint of the sample container. The transducer was flush

mounted with the inside of the sample container wall and a high

pressure seal was obtained according to the manufacturer's

specifications. Although the transducer was not located in the center

of the sample, results from its position would be indicative of the

average applied compressive stress amplitude. The porewater pressure

transducers in the confining tube and the sample container were aligned

and positioned on the same side and in the same plane.

The end of the sample container that attached to the confining tube

was machined smooth to seal with the high pressure O-ring on the

adjoining face. A 2.54 cm thick, 30.48 cm diameter stainless steel

plate was attached to the other end of the sample container and was

fitted with two concentric high pressure O-ring seals. The steel plate

was bolted securely in place with high strength steel bolts and lock

washers. Details of the sample container and porewater pressure

transducer location are shown in Figure 3.4.
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E. Mmetuam Trlp

To effectively apply a single compressive loading to the soil,

stress wave reflections from the end of the sample container needed to

be minimized. The momentum trap system used in this investigation

typically reduced reflected stress waves to less than about 50 percent

of the applied compressive stress.

Based on these observations and an investigation of the phenomenon

of stress wave propagation through materials, several criteria were

established to aid in finding an efficient method of stress wave energy

dissipation:

- the material should have an acoustic impedance close to that of
water or the soil-water mixture. The better the acoustic im-
pedance match the better the stress wave transmission between
mediums,

- the material should be long enough to capture the stress wave,

- the material should have a larger contact area than the sphere,
being at least the same size as the sample cross sectional area
to be the most effective, and

- the material should be free to move away from the sample
container end plate as the stress wave passes through it. This
would require a low friction support mechanism and would allow
the stress wave to dissipate its energy within the material
apart from the sample. The material also must not be allowed
to rebound back towards its original position where it could
impart a stress wave due to its own motion.

An investigation of comercially available materials to satisfy the

first requirement led to the selection of a solid polyvinylchloride

(PVC) rod. PVC has an acoustic impedance just above that of water.

Two 92 cm long sections of 9 cm diameter PVC rod were obtained in
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accordance with the second requirement. To satisfy the third

requirement, the ends of the rods were machined and trued to be flush

with each other and the steel end plate.

In satisfying the fourth requirement, a low friction, free moving

support system was designed. A 305 an long section of 15 on diameter

thin walled PVC pipe was selected. The pipe was attached to a 305 cn

long section of 8 on wide steel channel section which was fixed to and

supported by two heavy duty, adjustable surveying tripods. The solid

PVC rods were placed inside the pipe and the unit was aligned with the

sample container. This arrangement provided a stationary support

system that allowed the rods to move freely as the compressive stress

wave passed through them.

F. Instrumentation

1. Porewater Pressure Transducers

To simulate the type of loading encountered with an explosion,

it is necessary to apply a compressive stress pulse of a sufficient

magnitude with millisecond rise time to peak stress. The measurement

of porewater pressures associated with this type of loading places

specific requirements on the transducers, amplifiers and signal

conditioners necessary to accurately monitor the pressure changes over

the time domain of the loading. Considering the type of loading to be

applied in the laboratory and the specific requirements of this

research program, a number of criteria wore established to evaluate

cmmercially available transducers and supporting equipment. The

requirements included the following:
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- the transducer must be able to measure the porewater pressure
response of the soil sample independent of the soil skeleton
stress,

- the transducer must have a linear response to pressures of up
to 35 MPa, having millisecond rise times,

- the transducer must have a resonant frequency greater than the
shock facility system where it is used,

- the transducer must be ale to survive repeated shock loadings,

- the transducer must have minimal acceleration sensitivity.

- the transducer must be able to survive some amount of overpres-
sure and still have a linear response,

- the transducer must able to survive electronically in water for
at least several days,

- the transducer must have a minimum sensitivity of less than
seven KPa at Full Scale Output voltage,

- the transducer must be able to measure both the transient and
long-torm porowater pressure responses,

- the transducer must be able to consistently reproduce pressure
responses under loading conditions,

- the transducer must be flush mountable in the steel walls of
the confining tube and sample container, having a high pressure
seal of at least 17 MPa, and

- the transducer must be small in size due to physical space lim-
itations and soil sample size.

A review of many instrumentation companies' products led to the

selection of a porewator pressure transducer manufactured by ENDEVCO,

Inc., of San Juan Capistrano, California. The ENDEVOD Model 8511a-Skfl
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met the above requirements. It is a piezoresistive, silicon diaphragm,

strain gage pressure transducer. The signal conditioner units were

ENDWSCO Model 4476.1a and the power supply units were ENDEVCO Model

4470 for these transducers.

The transducer was modified by the manufacturer to meet the first

requirement. A one millimeter thick, stainless steel circular plate

was mounted on the transducer casing over the diaphragm. The plate had

several very small holes (smaller than the smallest grain size of the

soil) placed in it in a star pattern. The space behind the plate was

filled with silicon oil. Since the plate was not in contact with the

transducer diaphragm, measured stresses would correspond to the

porewater pressures only. Stresses applied by the soil skeleton would

be transmitted through the points of contact between the plate and the

housing. Figure 3.5 shows the modified transducer. Table 3.1 gives

information on the features and charaoteristics of the transducer.

2. Digital Waveform Recorder

To simulate the type of loading encountered with an explosion,

it is necessary to apply a compressive stress pulse of sufficient

magnitude with millisecond rise time to peak stress. The recording of

measured data associated with this type of loading places specific

requirements on the instrumentation necessary to accurately monitor the

porewater pressure transducer output over the time domain of the

loading. Considering the type of loading to be applied in the

laboratory and the specific requirements of this research effort, a

number of criteria were established in order to evaluate commercially

available waveform recorders. The requirements included the following:
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Figure 3.5 Modified Porewater Pressure Transducer Used in the
Confining Pressure Tube and the Sample Container
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Table 3.1 Manufacturer's (ENDEVCO) Specification Data Sheet f or
the Porewater Pressure Transducer

SERIES 8511
5 000 to 50 000 psi

0wDVCOO PP) TDT High resonance frequency

PIEZORESISTIVE
PRESSURE TRANSDUCERS

The Edec Modeal, Ki11ls a rugged. piezoresiseive pressure transducer for
high pressure. It hasl a% in. mounting thread andis avalabte in rangest from
5 W01100000 peig. It oflens high shock resistance, high overload capability.
end low photeeveitvity.
Endsvco pressure transducers feature a four-sctive arm strain gaebridge
Iftfused Into a sculptured silicon diaphragm for maximum senotvty andwidtind frequency response. Self-contained hybrid temperature cofnpense-4

baon provides stable peWornience over the wide temperature range ot 0 to 200* FI.110 43*CI. Endevcotransducers lso feature excellent linearity (even to 3x.range), high shock resistance, nd high stability duri ng temperature transients.
Th Moe 68511 is widely used for high pressure appl ications9 such as studies

of structural loading by shock waves resulting from explosive blasts, pulsations I
In hydraulic systems. and combustion problems. It features sn ablative
coating over the diaphragm to protect against particle impingement,

SPICICATIONS FOR THE Kit SERIES

PEMROANCE Kh.U l-IN 03111-20KC El-NK

RANGlE (f Ip piel6.6S kPe -5000 10000 30000 50000
SENSITIVITY' (mV/psi at 10.00 Vdc) 100 ±.030 .050 ±.015 -0-25 ± 006 .010:t,003
RESONANCE FREQUENCY' (kHz) >500 >500 >500 >500
LINEARITY

end Atf±-%OfFSO,OfoFSO) 0.3 0.6 0.4 0.5
Independent at 8.x overrange
V_1of3x FSO) 0.3 0610 NOWeHYTERESIS (14 of PSO) 0. 0. 0.20.

REPEATABILITY (±-.% of FSO) 0.1 0.5 0.1 0.5
COMBINED LINEARITY AND HYSTERESIS

II maximum. % of P50) 1.2 1.5 _1.2_ 2.0
ZERO MEASURANO OUTPUT (±-.mV) 0.0 10.0 100 -10.0
ZERO SHIIFT

At IIIOverrange(±-% Aof 3x FSO) 0.1 0.2 Note' Note
Vth Mounting Torque at 15 1br. n.
(±..-%of FSO) 0.1 0.1 01 0.1 @ 25Stl ff

At Maximumn Temperature'
(±-%o W SO. ref. 751F) 30 3.0 _30 3. 0

SENSITIVITY SHIFT
At Maximum Temprature'
I±_% of FSO. ret. 751) 40 4.0 40 4.0

THERMAL TRANSIENT RESPONSE (psilpF)
(Per iSA-53710. PaIe 6.7. Proced. 1) 1.1 1.5 0.4 0.1

WARMUP TIME (seconds) ____ S1 S1
ACCELERATION SENSITIVITY'

Longitudinal (paug 0.003 0004 0.006 0 003
Latera (peI ______ 0.001 0o -002 0 004 0003

URST -PRESSURE - - - -
Minimum DifferentIal f±_p) 20000 30000 40000 75000

It ~w ar mr~waites. w.wd t oirir oriqx x re titxiri xitgx no~d * .xxtedix ag i 44* Enxio Ixdx .42 423xt 47

clarWqN,* w,~ do 0CW0 rip Z xit~f .2% t&Ix tvpx~i 1% of0i. F SO

lWIe -Iteixt so-e0000Me oftwr xx..

NOTE5 AN Oiwn mr tee xx. m .I ie.uegg4.rii xI*a1 ~
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Table 3.1 (cont'd. Manufacturer's (ENDEVCO) Specification Data
Sheet for the Porewater Pressure Transducer

SPECIFICATIONS FOR MODEL 6511 (26 - ED -IN4

('37) GAN -OUT

310 ag M t 50)LONG1, 
111 WHY -OUT

10 21 DIA CABLE 4

STRAIN RELIEF
IDENT IFICATIN
ON4 ?/I$ HEX 3.01 UHF2AT

MOD~-2 TH25THC
'40 0 x *5TH' COUNTERRR

COWR LAED 31S7 300( 62'5) DIA DIMENSIONS INSTEEL GA.IET It 011 52) DEEP INCHES AND (MILLIMETRES)

ELECTRICAL ALL MODELS ENVIRONMENTAL
EXCITATION TEMPERATURE RANGE

Rated 1 0.00 Vdc Compensated 0PF to 200*F g-aBC to -93VC)
Maximum 18 Vdc Can be compensated over any

'A ELETRICAL200*F (1IOC) span itm-S
CONFIGURATIONS Four-active-arm piezoresistive t 2Fo pca re

bridge Maximum -85*F to .250*F (-54*C to
POLARITY Positive output for increasing VIBRATION 1 0 g. sInusoidalpressure
RESISTAN4CE SHOCK 20 000 9. 10010 half-ine

Input 1 000 it HUMIDITY
Output 1 30015 (per MIL-STD-22E
tsolation Method 1039.
(ambient conditions) >100 Mill at 50 V Test Condition 8) Isolation resistance greater

than 100 Mil at 50 V. External
PHYSICAL case is sealed with epoIy

Circuit within case, ventedDEAD VOLUME 0.0003 In.
4 

(0.0049 cm' through tube, is cooted with
MOUNTING Threaded Case. 3/8-24 UNF-2A Parytene C.

threaded length 0.520 in.
MOUNTING TOROUE 12±t2 lbf ft to 20 000 pai

25 ±2 Ibf t above 20 000 psi
I1III if 1.356 N.I

MATERIAL
cane Stainless steel
Exposed to
Meaured Fluid- Case. Perytene C. epoxy.

copper gasket, ablative
CABLE Integral. 4-conductor, shielded.

Teflon-insulated 32 AWG
(7/40) silver plated copper
conductors, gray PVC jacket,
30 in (0. 76 m) long

IDENTIFICATION 851 1.XX. where XX denotes NOEXUO.iwIivqPOIO

rated pressure in peig pH 102. itto N-. *9owe to..-N, of 10O~t n,OII WIh~f MOY~ 01141I
WEIGHT 0.4 oz. (I1(g) less cable Pm

Continued product improvement necessitates that Endevco reserve the right to modify these specifications without notice
RELIABI1LITY Endesco maintains a program of constant surveillance over alt products to ensure a high level of reliability This
prorm includes attention to reliabilitytfactors during product design, the support of stringent Duality Control requirements and
compulsorycofrctove saton procedures These measures, together with Conservative specitiCationS. have mrade the name Endevco
Synonymous With reliability. Endevco's Duality and Reliability System meeits the requirements of MIL-0-9850A and MIL. STD- 785A.
CALIBRATION: Each transducer is calibrated at room temperature tor pressure sensitivity with 10.00 Vdc excitation Special
calibrations avall,10-consult factory
U S. Patent Nos5. 4 085 970 and 40 1933 apply to this transducer

Jil m il II 11'1 1 5,E f O-
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- the waveform recorder must be able to interface with the
computer system,

- the waveform reoorder must provide digital output for the
purpose of mass storage operations and calculations,

- the waveform recorder must be able to record data at rates up
to the megahertz range, with variable sampling rates,

- the waveform recorder must be capable of recording enough data
points to represent the transducer output,

- the waveforn recorder must have a minim sensitivity of 14 KPa
when in line with the transducer, and

- the waveform recorder must be able to record at least four
channels and be expandable for future modifications.

A comparison of similar products offered by various companies led

to the selection of a digital waveform recorder (GOULD/BIONATION Hodel

2805) manufactured by GOULD, Inc., Santa Clara. California that met

these requirements. This recorder included features such as a dual

time base for recording at two different sampling rates, the ability to

select the number of data points recorded by each time base, pretrigger

and delayed mode recording, and the ability to have up to 8 channels

internally trigger and record at the same time, outputting digital data

through a single interface port. The versatility and flexibility of

this recording syste3 proved to be extremely useful during the conduct

of these experiments. Figure 3.6 shows the digital waveform recorder.

Table 3.2 gives information on the features and characteristics of the

waveform recorder.

'M N],111C I
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Figure 3.6 Digital Wave Form Recorder, Desktop Computer and
Supporting Peripheral Devices

I
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Table 3.2 Manufacturer's (GOULD/BIOMATION) Specification
Data Sheet £for the Digital Wave Form Recorder

ANALOG OUIPVT: Diseplay Van~emi IV): DIA output reproduces complete signal in merrory every
2 ms. 0.8V fulicale. adjustable from 0.6 to 1.0 V tuliscale
Ve-rtia ion control allows ±t 1. V adjustm~ent of base-
lin Vertca XI Expand allows full scale display and overlap
of multichannel traces.

Dleplaty Haelamitail JXJ: Repetitive 2 ms ramp synchronized with Y output.
IV p-p amplitude. Horizontal Expand XlI, X2. X5, and Xt10
increases ramp slope accordingly. Maximum amplitude
clamped at ± t1.5 V Horizontal position control allows
:t 1.5 V adjustment of origin

Olisplary Elsaidu IZ, 2): Repetitive 4 ivs pulses synchronized with)X ramp retrace.
Z signal is nominaltvya 0to # V pulse 2Zis nominally a
+ b to 0V pulse. Also usable as trigger signals to synchronize
the internal sweep of an oscilloscope

1111at output: Front panel pushbutton initiated analog output whenever
in Display mode. Duration is 200 s for entire memory contents.
0-t1 V p-p amplitude. adjustable from 0.8t0 1.2 V p-p. Reverts
to Display output after single plot. LED 'Ready" indicator
lit when unit isin the Plot mode.

CIWL rW MYAC: befstut:m bits Parallel. TTL levels positive true word serial
asynchronous data transfer under control of Flag and
Command signals. I pxs to 500 jaddress. 2 ms latency
for asynchronous rates slower then 500 paspoint

PAO Ou~u: Positive iTTL transition indicates data word on output lines
can be read. Minimnum pulse width 0.2 jus.

Camsifead hipu: Negaetive TTL transition requests next data word. Minimum
PUISaeWidth 0 1 #&a.

ONWtput equest: Input of TL zero for ground connection) requests initiat ion
of digital output mode LED -Ready indicator lit when unit
is in Digital output.

OututStutin: Output of nomially +-3 V leivell indicates unit is in the digital
output mode

R11hesed: Output of nominally +3 V level indicates unit is recording.
Tie Saset Ceetrel: Ton parallel lines. nine lines normally TTL high when

"EXr' selected on front panel Time Base A control Input of
TTL zero for ground corinection) on any one line selects time
base in conjunct ion wiith high (open) or' lo ground) on
tenth line to select pxs or ms modifier

sYSIWcOUSIDMAION ChWAnnel: Each system consists ofta single master contro unit and up
to three slave units for a total of eight channels. The necessary
rear panel cables anid connectors will be provided

Tugge: A 7 rigger can be denived from any of the eight signals
Output Ceetdrel: An Output Control twitch (for Digital or Plot) is provided

concentric with each vertical position control. Pullingj the
switch out disables the output for display. Digital or Plot,
Only one channel et a time can be available for Digital or
Plot outputs Att eight channels can be displayed simul-
taneously for comparison.

Runcaaa.AURM Opse 0i Temrtp. Range: o-s(rc
Pews:. 100 120, 220, or 240 VAC ±t 10/6. approx 75 VV 50-400 Hz.
Son: Height. 5 25f13.4 cm) Width. 12 75"(32 4cmn)

Depth; 1 9"148 3 cml
Weight: *!Iptarox 25 lbs 11.3 Kg)
Werenty: All Biomal ion products are warrantod irfainst detects in

miaterials and workmanship for one year from date of delivery
Acesseres: Each unit is supplied with a lv'a cord and a cooy of the

Operating arid Service Manual
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Table 3.2 (cont'd.) Manufacturer's (GOULD/BIOMATION) Speci-
fication Data Sheet for the Digital Wave
Form Recorder

ANWNWaCinnCTWST
BACH OHIASIIIIIIII: Analog limpadame: I M111125 pF

hiputVola~ Rung: i00 mV to050 V selectalbe 9 ranges in 1-2-5 sequence

Maindnten hiput Voage 100 V peak. 35 V riis
Inpu Coupllng: Selectable DC or AC (low frequency cutoff is 2 Hz).
Inpu Connairtlon: Selectable Input. Ground. Record or Hold.

Inpu Offas: Adjustable ± 1 x I ullxcale input sensitivity range

Offasala leaktme: Two LEDs indicate whien input signal level exceeds + or -
the full scale input range

hupu Ilaedwvldts: DC to t1.25 MHz on all sample rates.

SONVUWIiR: Raaotiloin: 8 bitsI part in 256) at all sample rates.

Apiture: The Track-and-Hold Circuit exhibits less than 1 ns aperte
uncertainty.

Maxllinlmam Converelon Rets: 5 MHz

1M D ASSMIMWOU: sanmpla kntawal: internal Single or dual record rates with independently
Selectable sample intervals from 0.2 oss to 100 ms in a 1-2-5
sequence.
External Selectable for input of sample pulses of nominally
+ 5 V toO0 V with risetime <t100 ns Rate continuously variable
from 0. 2 ps to 500 Ass per address .if doles of more than

* 500 ins occurs between advance pulses. all further pulses
will have 2 ins latency.

M" IoNV ala: 8 bits xs2048 words per channel.

Tal -ao Time: . 2048 x Sample Interval. varies from 0 4 ms to 200s5 when
using Internal sample interval selection.

COAD OSES Nonsel:Recording begins at (derlayed) Trigger event. Recording
stops after 2048 samples are stored

Pro~lga: Recording is continuous after Arm event until Triggeris
received, which starts selected delay count. End of delay
stops recording process. Delay selection allows a desired
portion of the data recorded prior to the Trigger event to be
retained in memory

Dual Thie Been: Usable in either Normal or Pretrigger operation with Internal
Time Base only. Time Base A is used for initial part of
recording. Switch to Time Base B after selected Trigger Delay

Hold: Either channel may be held while tha other channel is
updated.

IUU CAJCTKSTiC: Tslggee Modas: Auto. Recording automatically initiated after each display
output sweep IUSEFUI. PRIMARILY DURING SETUP)
Norrial Internal or External trigger event accepted duinq
any display or record sweep depending on Record Mod i
selected
Single 1 rioger event aiccepled only Aifter Arm func.tion

Tdggee Sciatic: Internal Trigger event detected from either signal input
External Trigger event derected from frontpainel EXT inert
Impedance t MJItt lI) iiniinum pulse width t00 ii.s,
minimum amplitude 4tji mV

Trigger slopa: Selectable + or -

TrIggier Level: Adjustable ±t Ix fullscole input It± 3 V E x iernall

Trigger Couling: Selectable AC or DC

TrIggler Delay: Proportional to Sample interval selected or input Srelecrate,
via three front panel decade switches hrum 0 to 9t"I i.iiriple
intervals in increments of 10 simple intervals

Aim Funetlont: Initiated by front panel momentary pushbutton or viA riear
panel TLl level pulse input LED "Ready rdicator lit when
unit a Armed dnd ready to be triggered



68

3. £miouite

A key component of the laboratory instrumentation system is

the computer. The computer is essential for controlling the electronic

instrumentation and interpreting the recorded data. In view of the

importance and central role of the computer in integrating the overall

laboratory facility, a number of criteria were established to evaluate

commercially available computer systems. These criteria included the

following:

- the computer system must be able to interface with the other
laboratory equipment, serving as a controller where necessary,

- the computer system must be able to permanently storing the
recorded data on mass storage mediums,

- the computer system must be able to analyze and graphically
display the stored data,

- the computer system must be able to produce hard copy output
of the stored data, and

- the computer system must be expandable for future
modifications.

Based on a comparison of the products offered by several companies,

HEWLETT-PACKARD was chosen to supply the computer system as it best met

the above requirements. The computer system originally obtained at the

start of this research effort consisted of a desktop computer, Model

HP-9835A with CRT display and an eight pen plotter, Model HP-9872C.

The system interface directly with the digital waveform recorder and

the university's main computer facility. Since the start of this

research effort, a dot-matrix line printer, Model HP-82905D and a

- , ,10q
I1i 

i
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floppy disc mass storage unit, Model HP-9885N have been added. This

system has proved to be flexible and capable of handling the needs of

the laboratory facility. Figure 3.6 shows the computer and supporting

peripherals devices.

4. Triggering Mechanism

An external triggering mechanism was used to initiate the

recording of transducer output data by the digital waveform recorder.

An IP-5300A/5304A digital timer/counter unit was used to control

triggering and determine the projectile impact velocity. Just before

the projectile impacted the loading cap, it opened an electrical

circuit that started the timer/counter. When the projectile impacted

the brass loading cap, the circuit was closed, the timer/counter

stopped and a dc triggering voltage was sent to the digital waveform

recorder. The triggering system Initiated data acquisition immediately

upon the application of the compressive loading to the piston.



IV. EIPERIBNTAL INVESTIGATION

A. Descrintion of Monterey No. 0/30 Sand

1. Source of Material

The soil used in this investigation was obtained from Lone Star

Industries Inc., Oakland, California in 1982 by the United States

Department of the Interior, Bureau of Reclamation in Denver, Colorado

and Colorado State University. A quantity of 900 kilograms was

acquired with 225 kilograms being stored at Colorado State University

for these experiments. The soil is a clean, uniform, subansular fine

sand processed from material dredged from the beach north of Monterey,

California and is used in sand blasting operations. The company

designation for the sand is 'Monterey No. 0/30' which is based on

gradation requirements and this term will be used throughout the text

in reference to the sand. A detailed description of the sand and its

behavior under cyclic loading is given by Nuzzy (1983) and Charlie et

al. (1984).

2. Preparation of the Bulk Samcle

Five 45 kilogram bags were chosen at random from the lot and

transported from the Bureau of Reclamation to the Department of Civil

Engineering's Geotechnical Engineering Research Laboratory at Colorado

State University. The sand was thoroughly mixed to insure a uniform

distribution of material so that samples used in the experiments would

be representative of the bulk quantity. After mixing, the sand was

51 11i. '
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divided into 23 kilogram quantities and stored in canvas bags with

plastic liners. Random samples were chosen to be used in analyzing the

physical properties of the sand.

3. Physical Properties of Monterey No. 0/30 Sand

Several tests were performed to investigate various physical

properties of the Monterey No. 0/30 sand. All tests were conducted

according to the American Society for Testing and Materials (ASTM)

standard laboratory procedures where applicable and include the

following:

- grain size analysis (ASTM D422),

- classification (Unified Soil Classification System. ASTh D2487),

- specific gravity (ASTh D854),

- relative density determination (ASTN D2049),

- photomicrograph (Bureau of Reclamation),

- spectrographic analysis (Bureau of Reclamation) and

- skeleton stress-strain curves (Hendron,1963; Whitman et al. 1964).

Selected test results and analysis are given in Chapter V.

B. Variation of Parameters

In considering the number of factors observed to influence

liquefaction presented in Chapter II, it was necessary to limit

variables to be investigated during this research effort. Three

important and significant parameters that could be varied in a

controlled marner in the laboratory were selected for study:
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- the initial packed relative density of air dry samples,

- the initial effective stress on the samples, and

- the number and intensity of applied compressive shock loads.

The initial relative densities of the samples used in this

experimental investigation were approximately 0, 20, 40, 60 and 80

percent. Each of these five relative densities were subjected to four

different initial effective stresses, which were 86 sPa, 172 [Pa, 345

[Pa and 690 [Pa. For each sample the back pressure was maintained at

345 [Pa with the confining pressure adjusted according to the required

effective stress. The first series of samples was loaded by four

'high' stress impacts (between 2.6 EPa and 8.5 XPa per impact) and the

second series of samples was loaded by six 'low' stress impacts

(between 0.10 EPa and 4.2 Pa per impact).

C. Samule Prevaration

The preparation of each sample used in the experiments followed a

prescribed method of placement to insure uniformity and consistency

throughout the course of the research. Each sample was randomly taken

from the 23 kilogram bags in which the bulk of the material was stored.

All samples were placed in the sample container at the air dry moisture

content of less than 0.10 percent.

1. Placement Methods

In preparing samples, two methods of placing the sand were used

to mot the relative density requirements. One method used a funnel

while the other involved a combination of funnel placement and
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controlled, layered compaction. Before placing sand in the sample

container, carbon dioxide gas was flushed through both of the pressure

valving systems and the sample container. Then the placement of the

sand began with the carbon dioxide gas continually flowing until the

sample was completed. The vacuum line was attached to the remaining

inlet valve which was kept closed until the sample placement was

completed and the membrane was in place.

a. Funnel Placement

To obtain a very low density sample, near zero relative

density, the sand was placed usin S an 18 cm diameter metal funnel with

a 1.27 cm diameter by 23 cm lons spout. The larger part of the funnel

held about one half the amount of sand required to fill the sample

container.

The empty funnel vat placed in the sample container with the bottom

of the spout held against the container bottom. Then about half of the

sand was poured in. The funnel was slowly lifted upward and

simultaneously rotated inside the sample container while keeping the

spout about 1.27 cm or less above the placed material. During this

motion additional sand was placed in the funnel for continuous sample

placement.

b. Undercomuaction

The preparation of samples at relative densities greater than

zero percent was accomplished using a method presented by Ladd (1978)

called weight. Each layer was placed using the funnel approach

described previously. The layers were individually compacted to
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successively higher percentages of the final sample density. varying

linearly by layer. When the final layer was placed, the entire sample

was at the required density. Based on Ladd's (1978) findings it, was

decided that ten layers of soil would be used and that the first layer

would be five percent undercompacted. The undercompaction method

provided a uniform density across the extent of the sample. The tools

and equipment used are shown in Figure 4.1.

2. Membrane Placement

When all the sand had been poured, the top of the sample was

leveled. Loose sand grains on the flange plate were placed into the

sample container and the top releveled. Then a piece of 0.00254 cm

thick aluminum foil about 10 cm in diameter was centered over the

sample and held in place with a small amount of vacuum grease where it

contacted the flange plate. The aluminum foil was used to provide a

buffer between the sand and the membrane reducing membrane penetration

effects and protecting the membrane from puncture. After the foil was

in position, a thin layer of vacuum grease was placed on the flange

plate where the rubber membrane would be located. The vacuum grease

was evenly distributed and then a 16 cm dimeter, 0.033 am thick

circular latex rubber membrane was centered over the sample. The

membrane was flattened by carefully working around its circumference

until there was about 1.27 an left to seal. A final check for sand

particles on the flange plate was made and the last section of the

membrane was pressed down and sealed. The vacuum line was then opened

to draw down the membrane into final position while the carbon dioxide

gas continued to flow through the sample container. With the sample

RIM I: !III
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Figure 4.1 Equipment Used in Preparing a Sample by the Under-

compaction Method
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under vacuum (35 KPa), several measurements across the membrane were

made to deternine the placed dry density of the sample.

D. Syate. Assembly

Once the sample container was prepared, the next step was to

assemble the entire system as a unit. The O-ring seal on the confining

tube flange plate was lightly coated with vacuum grease and the tube

was filled with distilled, de-aired water. The sample container was

then lifted using a chain falls suspended from the overhead roller

support system to a point above the confining tube, then aligned and

slowly lowered. When the sample container was about 2.54 cm above the

flange plate, the space between the flange and membrane was filled with

distilled, de-aired water and then the sample container was lowered to

its final position. Before bolting and sealing the flange plate

connection, an alignment check of flange plate bolt holes was made.

The bolts were tightened in a specified pattern until the lock washers

were moderately compressed. Then the bolts were tightened to their

final position. These steps were taken so that the high pressure 0-

ring seal would seat evenly about the flange plate.

With the sample container and confining tube bolted together,

another chain falls was attached to the opposite end of the confining

tube. By alternately raising and lowering the two ends of the unit,

the entire system aligned horizontally with the cannon barrel. Two

pipe hangers, suspended from the overhead roller support system, were

positioned at each end of the assembly. The hangers were attached to

the confining tube and both chain falls removed. The confining tube

and sample container were then supported by the pipe hangers and free

1'r
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moving roller support system. The assembled system, ready for loading,

is shown in Figures 4.2 and 4.3.

E. Sanle Saturation and Effective Stress Aunlication

A pressure line was attached to the confining tube, 35 KPa pressure

was introduced into the line, and the plug valve opened. The carbon

dioxide pressure line was connected to the bottom of the sample

container and a line open to the atmosphere was connected to the top of

the sample container. The valves on both sides were closed at this

time. The carbon dioxide line was opened under a controlled flow rate

at a low pressure for about 15 seconds. Then the line connected to the

top of the sample container was opened to the atmosphere and the carbon

dioxide gas continued to flow across the sample for 30 minutes.

After 30 minutes, the carbon dioxide pressure line was removed and

the plug valve closed. The valving system attached to the interface

pressure vessel was then purged of any air bubbles using a distilled,

de-aired water supply suspended about 70 cm above the sample container.

Then the back pressure line was connected to the bottom of the sample

container, the plug valve opened and distilled, do-aired water was

flushed through the sample. The line coming out of the top of the

sample container was put into a 2000 milliliter graduated cylinder to

collect the outflow. After about three pore volumes of distilled, de-

aired water had passed through the sample, the top and bottom plug

valves were closed and the top line removed. The confining pressure

and the back pressure were incrementally increased to obtain the

required effective stress. The sample was allowed to saturate and

consolidate for a minimum of 6 hours.

* *1
It
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Figure 4.2 Experimental Shock Facility
Prepared for Loading (View
from Cannon)

O. -
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Figure 4.3 Experimental Shock Facility
Prepared for Loading (View
from Momentum Trap)
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Once the saturation period was completed, it was then necessary to

check the asplo's porewater pressure response and determine the degree

of saturation. The porowater pressure transducers were connected to

the signal conditioner panel and the excitation voltage, amplifier zero

and bridge balance were chocked and adjusted. The back pressure was

increased about 35 KPa and the inlet valve closed. An output voltage

was recorded for each transducer.

The confining pressure was incrementally increased to the required

effective stress, and the output voltage of each transducer was noted.

The degree of saturation was determined by comparing the sample's

porewater pressure response to the increase in confining pressure. If

the ratio of these two values was unity, corresponding to a 100 percent

porewater pressure response, then the sample was considered saturated.

In this investigation it was not always possible to obtain a porewater

pressure ratio equal to one even though the same saturation procedure

was consistently used for each sample. However, measured compressive

stress wave propagation velocities through the samples showed they were

saturated. It was observed that the porewater pressure response varied

in a predictable manner with increasing sample density and effective

stress. A presentation and discussion of this observation is given in

Chapter V.

F. Final Prenarationa and IRzerimental Procedure

When the confining pressure and the back pressure were restored to

their desired values, the two plug valves (one on the confining tube

and one on the sample container) were closed to prevent drainage

through the pressure lines. The valves were left closed throughout the
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loading sequence for each experimental run, to maintain undrained

loading conditions.

The confining tube and sample container assembly were aligned with

the cannon barrel and leveled. The brass loading cap was placed on the

impact piston. The tri%,ering mechanism was set, its operation checked

and the timer/counter was reset. The PVC rods in the momentum trap

assembly were aligned with and centered on the steel end plate on the

sample container and the tripods leveled. A final check of the entire

system alignment was made.

The output of the two transducers was adjusted to a value of zero

volts to gain maximum benefit of the digital waveform recorder's range.

The controls on the waveform recorder were set and adjusted and then

verified by the computer. The computer then initiated a program

sequence to handle the data transfer from the digital waveform recorder

for each impact and store the output on a mass storage medium. A final

check of all system components was made before the loading phase.

The next step was to load the sample. With the projectile inserted

in the cannon barrel, the cannon was pressurized and the reservoir

pressure was verified with a gags separate from the nitrogen supply

bottle. Then the pressure behind the poppet valve was reduced to the

atmospheric, which opened the poppet valve, releasing the high

pressure into the cannon barrel to propel the projectile. The value on

the timer/counter was recorded and the computer initiated the data

transfer and storage. The time recorded from the timer/counter was

used to determine the impact velocity of the projectile. This sequence

was repeated for each impact loading.

mlo
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Then an experimental run was completed, the entire system was

disassembled in reverse order. A vacuum was applied to the sample

container to drain the pore fluid. With the sample container suspended

from the chain falls, the membrane and foil paper were removed, the

Isoil sample removed, and the sample container thoroughly clesned and

dried. Each of the porous stons* were subjected to a vacuum to remove

water. The next sample was prepared and loaded according to the

procedure previously described.



V. EXPERIMNTAL RESULTS

A. Physical Pronerties of Monterey No. 0/30 Sand

Basic physical and index properties for Monterey No. 0/30 sand were

evaluated according to accepted standard laboratory testing procedures

set forth by the American Society for Testing and Materials (ASTH). A

summary of the tests performed is presented given in Table 5.1.

Details of the grain size analysis, classification and relative density

tests are given by Muzzy (1983) and Charlie et &l. (1984).

1. Grain Size Analysis

A grain size distribution analysis (ASTh D422) was performed.

The results obtained indicate a fine, uniform, poorly graded sand with

less than one percent of the material being finer than 0.150 mm in

size. The DS0  particle size for this material is 0.45 am. A grain

size curve showing the distribution of the particle sizes is shown in

Figure 5.1.

2. Classification

From the results of the grain size analysis the uniformity

coefficient. Cu  ,. was determined to be 1.65 and the coefficient of

curvature, Ca , was determined to be 1.00. Based on these results and

the grain size curve, the soil was classified as an SP material (sand.

poorly graded with little or no fines) according to the Unified Soil
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Table 5.1 Physical Properties of Monterey No. 0/30 Sand
(Muzzy,1983; Charlie et al.,1984)

USCS Classification SP

Specific Gravity 2.65

Particle Size Data:

DO 100.29 mm

D30  0.38 -

D50  0.45 -

C (1) 1.65U

C (2) 1.00
c

% Passing #100 Sieve (3) 0.05 %

Relative Density Test Data:

Dry Unit Weight:

Maximum 1700 Kg/M3

Minimum 1470 Kg/M 3

Void Ratio:

Maximum 0.803

Minimum 0.563

Note: (1) C f coefficient of uniformity
n

(2) C - coefficient of curvature
(

(3) U.S. Standard Si.,. Size
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Classification System (ASTM 2487). From the results of a specific

gravity test (ASTH D854), a value of 2.65 was determined for the send.

3. Relative Density

A relative density test (ASTM D2049) was performed to determine

the minimum and maximum dry density limits for the sand. This test was

performed at the Bureau of Reclamation Soil Mechanics Laboratory in

Denver, Colorado, using a calibrated shaker table. As is shown in

3Table 5.1, the range of dry densities varied by 230 Kg/M

4. Photomicroarauh and Spectrograuhic Analysis

Figure 5.2 shows a photomicrograph of the sand made with a

scanning electron microscope at the Bureau of Reclamation Soil

Mechanics Laboratory in Denver, Colorado. The soil grains are uniform

in size and are subangular to subrounded in shape. Figure 5.3 shows a

spectrographic analysis performed at the same laboratory facility to

investigate the mineralogic content of the sand. The predominant

mineral constituent present is silicon with several others existing in

substantially smaller amounts.

S. Skeleton Stress-Strain Curves

Static one-dimensional, confined, compression tests

(gendron,1963; Whitman et al.,1964) were performed on air dry samples

of Monterey No. 0/30 sand. The results of tests were used to obtain

stress-strain information for the soil skeleton and to determine the

constrained modulus of the skeleton to be used in the finite difference

approximation presented in Chapter VI. To simulate the initial stress

'''V _ Of



Figure 5.2 Photomuicrograph of MonLerey No. 0/30 Sand
(Muzzy,1983; CharLie et aI.,1984)
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conditions in the experimental investigation, a corresponding initial

effective stress was applied to each sample. The compressive strain

values were referenced to the initial applied stress. Each sample was

loaded and unloaded in increments two times to develop the stress-

strain relationship for the soil skeleton. From these results, a

constrained modulus for loading and unloading was determined.

Two sets of tests were run for comparative purposes. Samples

tested had relative densities of 40 and 80 percent. Each sample was

tested at initial effective stresses of 86 [Pa and 690 [Pa. The data

obtained for the relative densities and effective stresses examined

provides practical limits for analysis. The skeleton stress-strain

curves for Monterey No. 0/30 sand are shown in Figures 5.4, 5.5, 5.6

and 5.7 and a summary of the numerical results is given in Table 5.2.

The results show that the soil skeleton stiffness increases with

increasing initial effective stress and density. Hysteresis between

the loading and unloading curves decreases with increasing initial

effective stress and density.

B. Static C-Parameter Reoonse

Before loading of each sample the porewater pressure response was

checked to determine the degree of saturation. This was done by

increasing the confining pressure on the sample and monitoring the

sample's porewater pressure response without drainage. The ratio of

the sample porewater pressure response to the increase in confining

pressure is termed the 'C-parameter' (Lambe and Whitman, 1969) for a

one-dimensional confined, compressive loading of a saturated soil with

undrained conditions. A ratio of one indicates a saturated sample and

V% % m
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Table 5.2 Constrained Loading and Unloading Modulus for Static,
One-Dimensional, Confined Compression Teats on Dry
Monterey No. 0/30 Sand

D 0 D1 Du(2

(%) (Ka) (KPa) CKPa)

40 172 61500 307500

40 690 156700 617000

s0 172 86190 431000

s0 690 191700 958500

Note: (1) Constrained modulus for loading
(2) Constrained modulus for unloading taken as 5 times

constrained modulus for loading in finite difference
analysis
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values less than one indicates that the sample is not saturated or has

a very stiff soil skeleton. For an initial effective stress of 86 aP,

a ratio of one was consistently obtained. However, a C-parameter of

one was not obtained for higher initial effective stresses. Since the

preparation and saturation process was identical for each sample, it

was assumed that the porewater pressure ratios obtained indicated of a

saturated condition. An examination of the compressive stress wave

propagation velocity through samples verified this assumption. The

calculated compressive stress wave velocities were close to 1500 meters

per second in all samples investigated. This is the value that would

be expected for saturated conditions.

Throughout the experimental investigation it was noted that the

porewater pressure ratio varied in a predictable manner with variations

in effective stress and relative density (Figure 5.8). In considering

this observation and those previously discussed, it is believed that

the porewater pressure ratio response noted can be attributed to

changes in the soil skeleton stiffness which increases with increasing

initial relative density and effective stress. Accordingly, all

samples were considered to be saturated.

C. Pressure-Time Histories

The pressure-time histories represent the porewater pressure

transducer responses to applied shook loadings as function of time.

They include both the peak and long-term response for the confining

pressure and the sample porewater pressure. Selected pressure-time

histories, representative of the behavior observed in this experimental

investigation, are shown in Figures 5.9 through 5.28. A sumnary of

*1 *
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numerical results from the pressure-time histories of all samples

investigated is given in Chapter VI, Tables 6.2 through 6.12.

Figures 5.9 through 5.18 show the experimental results for the

140%1 relative density series at an effective stress of 172 KPa.

Figures 5.19 through 5.28 show the experimental results for the '80%'

relative density series at an effective stress of 172 KPa. The

confining pressure and sample porewater pressure responses have been

plotted together on each figure. The 'series' designation for relative

density has been used to group together data having approximately the

same relative density. The designations include data that is within 10

percent greater than the series number (including the series number).

For example, a '40%1' series designation would include all data for a

relative density from 40 percent to 49 percent.

The pressure-time histories are indicative of the system response

during and after loading. On each figure, the traces of the confining

pressure and sample porewater pressure follow each other closely in

their response trends. The two curves are slightly offset from one

another in the time domain due to the relative locations of each

transducer. The sample peak porewater pressure is greater than the

applied stress peak values for each impact.

In all cases the confining pressure transducer response returned to

its original baseline value once the compressive stress wave energy had

dissipated. The response of the confining pressure transducer was as

expected since the static confining pressure should be constant if the

system is not allowed to drain. The residual excess porewater pressure

indicated by the sample transducer, was above its original baseline

value after each loading and continued to increase with each successive

-- m -1011 1.1 11 R ..
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impact. The response of the sample porewater transducer was as

expected since an increase in the residual excess porewater pressure

should be maintained for undrained conditions. Liquefaction occurs

when the residual excess porevater equals the effective stress which is

also when the back pressure plus the residual excess porewater pressure

equals the confining pressure.

The information from the pressure-time history records was used in

performing the data analysis presented in Chapter VI. The porewater

pressure response was evaluated as a function of initial effective

stress, initial sample density, peak compressive strain.

D. Comosite Data Curves

Figures 5.29 through 5.33 show the porewater pressure ratio as a

function of the sm of the sample peak porewater pressures grouped by

initial relative density. Figure 5.34 shows the results combined on a

single plot. The general trend is for the porewater pressure ratio to

decrease with increasing initial relative density at a given sample

peak porewater pressure.

Similarly, Figures 5.35 through 5.38 show the porewater pressure

ratio as a function of the sun of the peak sample porewater pressures

grouped by initial effective stress. Figure 5.39 shows the results

combined together on a single plot. Here, the general trend is for the

porewater pressure ratio to decrease with increasing initial effective

stress at a given ample peak porewater pressure.

It is evident from Figures 5.29 through 5.39 that both the initial

relative density and initial effective stress are important factors

that influence porewater pressure increases in a saturated,

& 11
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cohesionless soil. The analysis presented in Chapter VI develops

empirical relationships that relate the porevater pressure ratio to

these two parameters and the peak compressive strain.
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VI. ANALYSIS AND APPLICATION OF RESULTS

A. Bulk Modulus and Compressive Stress Wave Propatation

The water saturated sand samples used in this experimental

investigation represent a two-phase medium for stress wave propagation.

The presence of the solid sand particles in the water increases the

fluid density and also affects the compressibility of the soil-water

mixture. The changes in fluid density and mixture compressibility need

to be considered in evaluating the compressive stress wave propagation

velocity in a mixture. A procedure presented by Richart et al. (1970)

was followed and will be tutlined here.

The total mass density, pt A of a soil-water mixture can be

determined from:

G +e
_ G ----- (Eq. 6.1)

Pt , Pw 1 + •

where. G is the specific gravity of the solid particles, pw is the

mass density of water and e is the void ratio.

The compressibility of a soil-water mixture, considering the solid

particles to be suspended in the water, consists of two contributing

factors: the compressibility of the solid particles and the

compressibility of the fluid. The mixture compressibility can be

determined from:

~w .111P
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-~ .. (...L..) + '(- )(Eq. 6.2)
Bmix B' 1 B 1 +.

where. B is the bulk modulus of the water and B is the bulk modulusV S

of the soil particles. For quartz particles, B is about 30680 MPa and
for distilled, de-aired fresh water at 20 degrees Celsius, Bw is about

2140 MPa (Richart et al.,1970). It should be noted that the theory of

mixtures assumes that the solid particles are suspended in the water.

However, the total stress will be somewhat larger since the solid

particles are actually in contact with one another. For small strain

conditions, this difference is small and can be neglected.

Using the bulk modulus and the total mass density for the mixture,

the compressive stress wave propagation velocity through the mixture.

Voix , can be found from:

0.5

Vm (Eq. 6.3).

The value of Vmix includes the effects of density and compressibility.

Calculated values for the Monterey No. 0/30 sand used in this

experimental investigation are given in Table 6.1. Figure 6.1 shows

the acoustic impedance as a function of void ratio and Figure 6.2 shows

the compressive stress wave propagation velocity as a function of void

ratio.

B. Peak Particle Velocit! and Peak Strain

Two values of particular interest that are useful in interpreting

the results of this investigation, are the peak particle velocity and

the peak compressive strain. For saturated, sandy soils the peak

Y 'r
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Table 6.1 Stress Wave Propagation Parameters for Monterey
No. 0/30 Sand

D r 0 Pt "Si Vn V /V V PV

(S) (KS/N3) (KPa) CI/sec) (Kg/( N2 _8e0)

0 .803 1915 4421407 1519 1.013 2908885

10 .779 1926 4485912 1526 1.017 2940602

20 .755 1940 4554171 1532 1.021 2972080

30 .731 1953 4626521 1539 1.026 3005667

40 .707 1967 4703343 1546 1.031 3040982

s0 .683 1980 4785064 1555 1.037 3078900

60 .659 1995 4872167 1563 1.042 3118185

70 .635 2009 4965202 1572 1.048 3158148

80 .611 2024 5064797 1582 1.055 3201%68

90 .587 2040 5171672 1592 1.061 3247680

100 .563 2056 5286654 1604 1.069 3297824

Note: V -the compressive stress wave velocity in fresh water
(V, 1500 K/sec at 20 degrees Celsius)
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particle velocity, Vpk * can be determined by using Equation 6.3 and

rewriting Equation 2.19 in terms of the peak porevater pressure

response, Uk as follows:

Upk W (Pt Vn 1i) Vpk (Eq. 6.4).

The peak particle velocity, Vpk can then be obtained by rearranging

Equation 6.4:

Vp (Eq. 6.5)Vk =(Pt Vix) E..)

where, V2,x is calculated from Equation 6.3.

The peak compressive strain, Spk & can then be determined by

combining Equations 2.19 and 6.5 as follows:

V %k
= :A ) (Eq. 6.6).

pk Vc pt (V0) 2

Tables 6.2 through 6.12 summarize the results of this experimental

investigation. In general, the experimental results show that

liquefaction occurred when the sum of the peak compressive strains

exceeded about lx10- 1 percent. When the sum of the peak iompressive

strains was less than about lxlO- 2 percent, substantial porewater

pressure increases did not occur. These values suggest threshold

compressive strain limits for Monterey No. 0/30 sand at the relative

densities and effective stresses examined in this experimental

investigation.

It was possible to obtain porewater pressure ratios gaater than

one in several of the experimental results. Other researchers have

II f )119w
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Table 6.2 Peak Porewater Pressures and Peak Compressive Strains for
Monterey No. 0/30 Sand for Low Impact Stress Loading and
D - 101 Series
r

Test I.D. W# Dr Impact u pk () apk () PRl

(;~a) (%) (IPS) (%)

S00I* 86 10.0 1 272 .00606 .329
2 118 .00263 .457
3 235 .00524 .743
4 108 .00241 .735
5 335 .00747 1.078
6 145 .00323 1.134

SOOni 172 4.6 1 461 .01030 .774
2 217 .00485 .902
3 362 .00808 1.114

*4 443 .00990 1.220
5 643 .01435 1.215
6 588 .01314 1.219

80012 345 7.5 1 1222 .02734 .557
2 588 .01316 .614
3 670 .0149S .740
4 244 .00546 .742
5 516 .01154 .848
6 917 .02052 .956

S0014 690 7.5 1 81 .00182 .020
2 543 .01214 .211
3 208 .00466 .225
4 670 .01498 .341
5 561 .01256 .378
6 2786 .06232 .873

Note: (1) Measured
(2) Calculated from Equation 5.6
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Table 6.3 Peak Porewater Pressures and Peak Compressive Strains for
Monterey No. 0/30 Sand for Low Impact Stress Loading and
D r = '20%1 Series

Test I.D. a# D r Impact u pk() a p 2 P

(;&a) (%) (KPa) (%i)

92010 86 29.2 1 353 .00764 .116
2 516 .01116 .467
3 316 .00685 .565
4 362 .00783 .635
5 634 .01371 .576
6 379 .00821 .634

SIOXl 172 27.9 1 524 .01136 .105
2 416 .00903 .423
3 452 .00981 .740
4 469 .01017 .743
5 226 .00490 .849
6 452 .00981 .889

52012 345 29.6 1 661 .01429 .229
2 489 .01057 .117
3 1048 .02267 .132
4 570 .01233 .213
5 1276 .02760 .536
6 914 .01977 .609

S20X4 690 28.8 1 380 .00823 .185
2 441 .00956 .181
3 425 .00921 .278
4 543 .01175 .384
5 516 .01117 .422
6 272 .00588 .423

Note: (1) Measured
(2) Calculated from Equation 5.6
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Table 6.4 Peak Porewater Pressures and Peak Compressive Strains for
Monterey No. 0/SO Sand for Low Impact Stress Loading and
D - 40% Series
r

Teat I.D. of Dr Impact upk (1 pk(2 PU

(I~a) (%)(KUs) ()

S4OXC 86 46.7 1 517 .01087 .421
2 398 .00836 .567
3 448 .00942 .527
4 769 .01617 .898
5 706 .01484 1.064
6 996 .02093 1.222

S4011 172 47.1 1 1692 .03554 .606
2 353 .00742 .656
3 416 .00875 .695
4 1140 .02396 .881
5 407 .00856 .935
6 443 .00931 .996

S4012 345 45.9 1 543 .01142 .062
2 480 .01010 .114
3 3061 .06444 .531
4 751 .01581 .562
5 878 .01848 .572
6 2006 .04224 .691

84014 690 46.7 1 724 .01522 .345
2 136 .00286 .347
3 597 .01255 .447
4 570 .01199 .488
5 760 .01597 .527
6 525 .01103 .551

Note: (1) Measured
(2) Calculated from Equation 5.6
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Table 6.5 Peak Porewater Pressures and Peak Compressive Strains for
Monterey No. 0/30 Sand for Low Impact Stress Loading and
D - '60%' Series (First Set)

r

Test I.D. D Impact u (1) p (2)
o r IA pk PPR

(Kpa) (S) (1pa) M

S601[ 86 **** No Data Retrieved *0*0*

S601 172 66.7 1 941 .01908 .164
2 3592 .07281 .336
3 796 .01614 .403
4 796 .01614 .457
5 896 .01815 .525
6 480 .00973 .495

S60X2 345 67.5 1 652 .01319 .216
2 823 .01666 .346
3 335 .00678 .346
4 832 .01684 .409
5 751 .01520 .399
6 4220 .08540 .560

S6014 690 65.4 1 543 .01103 .335
2 965 .01961 .369
3 534 .01084 .450
4 263 .00534 .439
5 697 .01416 .495
6 1339 .02721 .610

Note: (1) Measured
(2) Calculated from Equation 5.6

----------
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Table 6.6 Peak Poreuster Pressures and Peak Compressive Strains for
Monterey No. 0130 Sand for Low Impact Stress Loading and
D, w 160P1 Series (Second Set)

Test I.D. at Dr Impact up (1) 1p (2) P()

(Us&) (S) (Usa) M%

S601* 86 67.5 1 349 .00767 .464
2 190 .00385 .606
3 63 .00128 .562
4 308 .00622 .747
5 352 .00712 .741
6 398 .00805 1.021

S6011 172 67.1 1 380 .00769 .165
2 244 .00494 .263
3 498 .01008 .370
4 724 .01466 .411
5 652 .01320 .478
6 643 .01302 .527

86012 345 66.3 1 290 .00587 .117
2 724 .01469 .298
3 416 .00845 .357
4 507 .01028 .345
5 950 .01927 .397
6 1077 .02185 .504

86014 6.90 65.8 1 480 .00974 .185
2 325 .00661 .208
3 434 .00882 .225
4 1149 .02333 .354
5 1031 .02094 .410
6 No Data Recorded this Impact

Note: (1) Measured
(2) Calculated from Equation 5.6
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Table 6.7 Peak Porewater Pressures and Peak Compressive Strains for
Monterey No. 0/30 Sand for Low Impact Stress Loading and
D r 180%, Series

Test I.D. at D r Impact u pk (1 apk (2) P()

(K a) (S) (IPA) (%)

SB801* 86 85.8 1 796 .01554 .636
2 914 .01784 .390
3 561 .01095 .932
4 1240 .02418 .960
5 1575 .03072 1.060
6 1057 .02066 1.073

88011 172 87.9 1 950 .01845 .532
2 805 .01564 .619
3 2151 .04178 .798
4 579 .01125 .850
5 878 .01705 .902
6 878 .01705 .938

88012 345 85.4 1 697 .01361 .364
2 715 .01396 .424
3 914 .01785 .468
4 643 .01255 .476
5 733 .01431 .532
6 661 .01290 .511

8014 690 86.3 1 715 .01394 .331
2 416 .00812 .358
3 597 .01164 .399
4 389 .00758 .408
5 470 .00917 .435
6 461 .00899 .411

Note: (1) Measured
(2) Calculated from Equation 5.6

~J.-
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Table 6.8 Peak Porewater Pressures and Peak Compressive Strains for
Monterey No. 0/30 Sand for High Impact Stress Loading and
D - 'S' Series

r

Test I.D. D impact u pk(1) a pk2)

(KPa) (%) (KPa) (%)

SOOXl 172 4.6 1 5711 .12832 .662
2 6674 .14997 .664
3 6730 .15121 .664
4 6219 .13974 .600

SOOX2 345 3.8 1 6585 .14813 1.077
2 6757 .15201 1.593
3 6985 .15713 1.276
4 5400 .12148 1.310

80014 690 5.8 1 2912 .06532 1.007
2 2601 .05835 .994
3 4693 .10527 .994
4 4807 .10780 1.068

Note: (1) Measured
(2) Calculated from Equation 5.6

- No loadings were done for a' 86 KPa
0

&..

i-

A_
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Table 6.9 Peak Porewater Pressures and Peak Compressive Strains for
Monterey No. 0/30 Sand for High Impact Stress Loading and
D r- '20%' Series

Test I.D. of(1) (2)()0 D r Impact u Pa p P

(Kpa) (%) (KPa) (%)

520X1 172 23.8 1 3817 .08332 1.015
2 4580 .09999 .994
3 5033 .10986 .994
4 4750 .10369 .994

82012 345 27.5 1 5400 .11719 .994
2 5655 .12271 .994
3 5768 .12517 .828
4 3421 .07425 .837

S2014 690 22.1 1 5768 .12624 1.035
2 6274 .13733 1.035
3 6247 .13673 .994
4 5089 .11139 .994

Note: (1) Measured
(2) Calculated from Equation 5.6

- No loadings were done for u' -86 Ka

0k
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Table 6.10 Peak Porewater Pressures and Peak Compressive Strains for
Monterey No. 0/30 Sand for High Impact Stress Loading and
D - 140% Series
r

Test I.D. at D r Impact u pk 1 a (2) PPR (1)

(I a) (Se) (KPa) (Se)

84011 172 44.2 1 4524 .09550 .504
2 6647 .14032 .829
3 6902 .14571 .829
4 6619 .13974 .871

84012 345 46.7 1 4693 .09866 .834
2 3676 .07727 .919
3 4015 .08440 .929
4 4269 .08974 .928

SOU1 690 46.7 1 3845 .08083 .787
2 5570 .11708 .911
3 4976 .10460 .952
4 7212 .15160 1.076

Note: (1) Measured
(2) Calculated from Equation 5.6

- No loadings were done for a' I 86 1Pm
0
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Table 6.11 Peak Porewater Pressures and Peak Compressive Strains for
Monterey No. 0/30 Sand for High Impact Stress Loading and
Dr = 1607* Series

Test I.D. a# D Impact up ap (2) P()
0 t kp

(][Pa) (%) (KPa) M%

86011 172 61.1 1 4156 .08504 .834
2 5711 .11686 1.166
3 3421 .07000 1.166
4 4326 .08851 1.143

S6012 345 64.2 1 6022 .12265 .662
2 5117 .10422 .745
3 5598 .11401 .909
4 6019 .12259 .994

S6014 690 62.5 1 5994 .12245 .624
2 5681 .11607 .704
3 5771 .11790 .787
4 5599 .11438 .787

Note: (1) Measured
(2) Calculated from Equation 5.6

- No loadings wore done for cr' -86 KPa
0

1. F'
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Table 6.12 Peak Porewater Pressures and Peak Compressive Strains for
Monterey No. 0/30 Sand for High Impact Stress Loading and
D r '80%, Series

r

Test I.D. of D Impact Upk (1) (2) ppR(1)
0 r pp

(KPa) (%) (KPa) (%)

S60x1 172 81.3 1 6867 .13525 1.154
2 4185 .08241 1.104
3 5824 .11470 1.196
4 6929 .13647 1.230

S60X2 345 83.3 1 8198 .16076 .332
2 6985 .13697 .497
3 7040 .13805 .564
4 8453 .16576 .581

S60X4 690 83.8 1 5966 .11688 .627
2 5737 .11240 .745
3 5737 .11240 .794
4 8371 .16400 .911

Note: (1) Measured
(2) Calculated from Equation 5.6

- No loadings were done for o' 86 [Pa
0

r r
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also reported porewater pressure ratios greater than one in the field

(Kok,1977,1978b; Studer and Kok 1980, Fragaszy et al.,1983) and in the

laboratory (Ruygrok and Van der Kogel.1980; Van der Kosel et al.,1981).

A ratio greater than one suggests that the porewater pressure has

exceeded the total stress and the effective stress has become negative.

Theoretically, the porewater pressure ratio should not exceed a value

of one. Part of the increase can be explained by the limitations of

the electronic measurement and recording systems part can be attributed

to random experimental errors. Beyond these reasons, it is not clear

why the porowater pressure ratio should have exceeded unity.

C. Volume Decrease Potential and Relative Density

The increase in porewater pressure in a saturated soil occurs as a

result of the tendency for the soil skeleton to decrease in volume

under an applied load. As the volume decrease takes place, the pore

spaces reduce in size and the porewater pressure increases. The

potential for soil skeleton volume changes is usually quantified in

terms of the relative density, D , which relates a soil's density to

the maximum and minimum values. For soils having similar particle

types, shapes and grain size distributions, the relative density is a

useful index parameter that can be estimated in the field by a standard

penetration test (ASTh D1586). Soils having relative densities below

65 percent have been observed to have a high liquefaction potential for

both explosive-induced ground motions and seismic-induced ground

motions. However, when the grain characteristics mentioned differ

considerably, Lee and Fitton (1968) observed differing resistances to

liquefaction at the same relative density for cyclic loading of
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saturated sands. Therefore, in such cases the relative density data

would not provide a useful indicator for estimating liquefaction

potential. Ishihara and Watanabe (1976) explained the variations in

liquefaction potential in terms of a soil's 'volume decrease potential

(VDP).'

Figure 6.3 shows two elements of equal volumes for two different

sands at the same relative density. The soil in diagram a, has a much

smaller potential for volume decrease than does the soil in diagram b,

even though they are at the same relative density. The potential for

volume change can be observed by noting the change in void ratio

possible for each soil to achieve 100 percent relative density packing.

Based on their relative densities, both soils would appear to have the

same potential for liquefaction. However, their void ratio data

indicates the contrary. The larger the volume reduction possible, the

larger the potential porewater pressure increase and potential for

liquefaction. Ishihara and Watanabe (1976) present the volume decrease

potential concept in equation form as:

VDP = c - emin  - (I - Dr ) (emax - amin )  (Eq. 6.7)

where, e is the sample void ratio, emin is the minimum void ratio, em x

is the maximum void ratio and Dr is the relative density as a decimal.
Or

The term (emax - e min) accounts for variations in sand types at similar

relative densities. Whenever information on void ratio limits for a

granular soil is available, it would be preferable to use Equation 6.7

to estimate volume change potential. However, in the field often the

only available density information is the relative density. Two

V~
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models, one using relative density and one using the volume decrease

potential concept, have been proposed and are presented in the next

sooction.

D. altivariate Rearoasion Analysis

In conducting this exporimental investigation, three Important

factors that influence liquefaction were examined. They were, the

initial effective stress, the initial sample density and the applied

compressive stress or compressive strain. To evaluate the influence of

each factor, a statistical analysis of the data was performed to

develop a model for predicting the porowater pressure ratio, PPR. The

porewater pressure ratio * is a nondimensionalized factor defined as:

pp . A . (Eq. 6.8)

atw  a' I a
0 0 0

where.
a; - the residual effective stress after the

passage of the compressive stress wave,

o  - the initial effective stress,

Au - the change in porewater pressure and equal
to the change in effective stress, and

ur W the residual excess porewater pressure.

In nondimensionalized form, the changes in porewater pressure due to

loading of soils having differing initial effective stresses and

relative densities can be compared. The results from laboratory and

field investigations can also be compared.
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1. Porawater Preamue Ratio Predictor Model

One method of evaluating liquefaction potential as a numerical

result, is to examine the porewater pressure ratio increase from an

applied loading. The larger the ratio becomes the closer the soil is

to being liquefied. When the soil has liquefied, the porewater pressure

ratio equals unity. The ratio can be related to the initial effective

stress, initial sample density and the sample strain from the applied

compressive loading.

Considering these factors. a series of predictor models was

investigated to find one that would be intuitively correct from an

engineering standpoint and would also fit the data well statistically.

Two models were developed, one including relative density and one

including the volume decrease potential which would provide flexibility

in applying the models to other laboratory and field studies. A

linear, multivariate, regression analysis was performed using a model

of the form:

log (PPR) - log a + b log c + d log f + g log h (Eq. 6.9)

where.
PPR - the porewater ratio, defined as the ratio of the

residual excess porevater pressure to the initial
effective stress,

a the constant coefficient,

M - the initial effective stress in KPa,

f - the initial relative density in percent,

or the volume decrease 
potential,

h * the sum of the applied peak compressive strains
in percent, and

b, d, S = the exponents for each model.
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The linear, multivariate, regression analysis was performed using

the program 'INITABI (Ryan et al.,1976,1982). Table 6.13 presents the

six models used in analyzing the data and Table 6.14 gives two selected

statistical parameters used to evaluate the models. The two parameters

are the standard error of estimate, S. and the coefficient of

determination, R2 . The standard error of estimate is a measure of how

much the measured value deviates from the average value predicted by

the regression equation. In other words, S is a measure of the

accuracy of the predictions. The maller the deviation the closer the

equation predicts the data. If the standard error of estimate was

zero, then the equation would match the data exactly. The R2 value is

a measure of how much of the variation in the data is explained by the

regression equation. The higher the value, the closer the

prediction of observed behavior. If the coefficient of determination

was 100 percent. then all of the data could be explained by the

regression equation. Based on the results of the statistical analysis

presented in Table 6.14, two models were selected. In terms of the

volume decrease potential, the porevater pressure ratio predictor model

has the following form:

PPR - (11.39) (s).321 (a)-.305 (VDp)149 (Eq. 6.10)

where, aph is in percent and I is in KPa. In terms of relative

density, the porewater pressure ratio predictor model has the following

form:
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Table 6.13 Experimental Porevater Pressure Ratio Predictor Models

Model

(a) PPR - (11.76) ( p)(D).7

Fr.... 1277

Wb PPR - (16.95) 1a(D1*

(o) PPM - (9.41) M~ spk)* at~ 2
0

Wd PMR - (12.71) Mtsk) 5 ( D)-23

(e) PPM - (11.39) Me 321~ (at) .305 (VDP)l 149

Mf PM - (16.30) (Z s pk)* 331 (at) .308 (Dr)- .179

Note: - a p and Drare in percent

0 a is in KP&

-Il I'llJ~ 16 '' 11 ,' IK I
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Table 6.14 Coefficient of Determination and Standard Error
of Estimate for Porewater Pressure Ratio
Predictor Models in Table 6.13

model I2(S) s

a55.0 .206

b61.1 .193

o 57.6 .207

d 63.8 .191

*59.8 .205

f65.9 .187

Note: R 2 -the coefficient of determination
S -the standard error of estimate
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PIR - (16.30) Map,)'331 (0)-308 (D )-*
1 7 9  (Eq. 6.11)

where, Dr and apk are both in percent, and a' is in KPa.

The equations presented in Table 6.13 are the statistical best fits

for all the experimental data combined. The 'pk term represents the

total strain applied to the sample at a given impact loading including

the strain from previous impacts. Therefore, the I pk quantity is a

cumulative strain value for a sample. Equation 6.11 represents the

statistical beat fit of all the models examined and has been selected

for use in the analysis presented in this chapter. Figure 6.4 shows

the variation of residuals about the regression line for Equation 6.11.

Tables 6.15 and 6.16 give compressive strains predicted by Equation

6.11 for a porewater pressure ratio of 0.25 and 1.0 respectively.

It would be useful if the summation of measured peak compressive

strains could be used to represent the strain from a series of

successive impact loadings or a single large impact loading. To

investigate this, the two models given by Equations 6.10 and 6.11 were

evaluated considering only the data from the first impact loadings from

each data set. In terms of the volume decrease potential, the

porewater pressure ratio predictor model has the following form:

PPR - (10.90) (ap)0321 ( e)-.305 (VDP).149 (Eq. 6.12)

where, aph is in percent and . is in KPa. In terms of relative

density, the porewater pressure ratio predictor model has the following

form:

PPR - (16.00) (a )331 W)1-.308 (Dr ).179 (Eq. 6.13)
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Table 6.15 Compressive Strains Predicted by Equation 6.11 for
PP3 - 0.25 (Monterey No. 0/30 Sand)

D (7.)

10 20 40 60 s0

a' (Kpa)
0

86 .00072 .00105 .00153 .01908 .00223

172 .00138 .00201 .00292 .00364 .00425

345 .00264 .00384 .00558 .00695 .00812

690 .00503 .00731 .01064 .01325 .01548

Note: Predicted strains are in percent
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Table 6.16 Compressive Strains Predicted by Equation 6.11 for
PFK - 1.0 (Monterey No. 0/30 Sand)

D (%M

10 20 40 60 so

0

86 .04772 .06942 .10098 .12574 .14691

172 .09094 .13230 .19247 .23966 .27800

345 .17381 .25285 .36783 .45801 .53511

690 .33127 .48191 .70107 .87294 1.019899

Note: Predicted strains are in percent
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where. Dr and •pk are both in percent, and a' is in KPa. The standard

error of estimate for Equation 6.12 was 0.193 and the standard error of

estimate for Equation 6.13 was 0.186.

In comparing Equations 6.10 and 6.11 with 6.12 and 6.13, it can be

seen that they vary slightly in their coefficients and that the

standard deviations are nearly the same. This leads to the conclusion

that Equations 6.10 and 6.11 are valid for use with the compressive

strain from a single large loading or from a succession of smaller

loadings leading to the same total peak compressive strain value.

Intuitively, these four Equations, 6.10, 6.11, 6.12 and 6.13

correctly represent the observed behavior in that the porewater

pressure ratio varied inversely with the initial effective stress and

relative density, and directly with the volume decrease potential. As

was shown in Figures 5.4, 5.5, 5.6 and 5.7 and Table 5.2, the soil

skeleton stiffness also varied directly with increasing initial

effective stress and relative density and inversely with volume

decrease potential.

2. Physical Interpretation of Model

The initial attempt of the model was to predict the porewater

pressure ratio as a function of peak compressive strain and relative

density or volume decrease potential for each data set at a given

initial effective stress. The results from the initial models

indicated a definite trend with variations in the initial effective

stress. However. these results gave four separate equations of the

same form with different constants and were only applicable to the four

particular initial effective stresses examined. Tisrefore, a more

-w1110 1 1, 111 1
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general form of the model was developed to include the initial

effective stress as a variable.

The variation in initial effective stress and initial sample

density can be viewed as an extension of the relationships into a third

dimension as is shown in Figure 6.5. In the figure, it can be seen

that a three-dimensional curved planar surface extends along the third

axis. The surface does not have constant end points along the extended

edges. For a given initial effective stress and initial density, the

three-dimensional surface becomes a plane whose abscissa is the peak

compressive strain and ordinate is the porewater pressure ratio.

E. Finite Difference Apnroximation

A finite difference solution approximation was investigated to

simulate the laboratory measured pressure-time histories using the

equations for a one-dimensional, confined compressive loading.

Equations were developed to model both the transient and long-term

porewater pressure response in the soil mass. These equations are

based on the developments presented by Biot (1956a,b,1962) and a

general approach given by Ishihara (1967). The finite difference

recursion formulas used were adapted from Biggs (1964) for a single

degree of freedom, viscoelastic system. Appropriate modifications were

made to the solution to model the soil as a two-phase material and to

include the experimental boundary conditions.

1. heoloaic Model

The rheologic model consists of masses, springs and dashpots used

to represent the applied compressive stress wave propagation through
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Figure 6.5 Illustration of Three-Dimensional Porewater
Pressure Ratio Predictor Model
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the confining pressure tube, the saturated soil sample and the PVC

momentum trap. Figure 6.6 shows a schematic of the mass-spring-dashpot

system. The confining tube was treated as a constrained 'bar' of water

having three mass elements connected by linear elastic springs whose

stiffness corresponded to the bulk modulus of water. The PVC momentum

trap was treated in the same way as the confining tube using two

elements and the bulk modulus for PVC.

In modeling the soil-water system, consideration was given to

including the stiffness of the mixture, the stiffness of the soil

skeleton and material damping. The bulk odulus of the mixture was

evaluated as described in section A of this chapter. The soil skeleton

was treated in two parts, with a separate value for loading and

unloading to account for permanent deformations of the soil skeleton.

The skeleton stiffness values were determined from one-dimensional,

confined compression loadings of dry Monterey No.0/30 sand as described

*in 'section A, part 5 of Chapter V. A viscous damping term was also

included to account for the compressive stress wave energy dissipation

due to system and material damping.

2. Finite Difference Solution Formulation

The finite difference approximation uses Biot's (1962) theory for

stress wave propagation in a porous elastic medium. Bot's theory was

coupled with a soil skeleton model that decreases in volume whenever

the applied compressive loading produces a compressive strain that

exceeds a threshold value.

BDot's modified general equations for a porous medium have the

following forms for the component parts:

JNVRVFr
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as overall system equilibrium:

Go (Eq. 6.14)

b. liquid equilibrium:

+ P~~ -o Pyj~j (Eq. 6.15)

c. porous solid equilibrium:

J.J -ijj + i, , (Eq. 6.16)

d. stress-strain (fluid and porous solid):

M 11 (u~+ (Eq. 6.17)

- V(Eq. 6.18)

where,

a -jj the total stress tensor,

Pt the total mass density,

51 the components of the gravitational constant,

u i a the acceleration vector of the solid skeleton,

P the mass density of the fluid.

athe velocity vector of the fluid,



V1  the acceleration vector of the fluid.

-a kinetic energy correction factor.

a - the porosity of the *oil skeleton,

k - Decay's coefficient of pemoability,

W m the effective st*ess tensor.

P m the porewater pressure tensor,

bi~ a the I1rosecker delta,

a j the strain tensor of the solid skeleton,

a - the displacement vector of the solid skeleton,

*) the variat ion of the fluid content

w the displacement vector of the water with respect to

the solid skeleton

For the case of one-Imnsional strain with undrained loading

conditions, Equations 6.14, 6.15 and 6.16 reduce to:

dxf Pt (Eq. 6.19)

At PV (Eq. 6.20)
dx

at a- (Eq. 6.21).

7he stress-strain conditions (Equations 6.17 and 6.18) reduce to:

40 - I + *DC) AC T (Eq. 6.22)
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&oin(D C Ac D) (Eq. 6.2-3)

where.

Do- the constrained modulus for loading or
unloading of the soil skeleton,

3 -x the bulk modulus of the soil-water mixture
ix calculated from Equation 6.2,

TAs -the volumetric strain of the six. and

UP the inelastic volametric
strain of the mix.

The following recurrence formulas presented by Biggs (1964). were

used to evaluate the terms for displacement, velocity and acceleration:

a. displacement (y):

y(s*1) - y(s) y(s-1) + y(a) ) 2 (Eq. 6.14)

b. velocity (5):

(s) (8-1)
.() - v - - + s s) AL. (Eq. 6.25)

At 2
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c. acceleration (i):

.. ( 5)(s_____ ._ _____ •)__ (•____

y W At) 2  
(Eq. 6.26)

where,

A - the time at any stop in the iteration.

At W the time increment for the iteration,

I = the equivalent spring stiffness,

C - the viscous dam.ping coefficient,

F - the applied force, and

N - the mass.

The viscous damping coefficient, C, was calculated for the system

at each time step from:

- (2) M ( [(K) (1)]05 (Eq. 6.27).

The damping ratio, D, was evaluated from the pressure-time history data

of the laboratory experiments and had an average value of 0.0167.

F. Commarison of Solution With Exaerinental Results

The finite difference approximation was used to compare a

theoretical analysis with observed behavior in the laboratory. A

series of computer runs using a triangular loading pulse was performed

for the first impact loadings of two laboratory samples at two
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different initial effective stresses. The initial relative densities

used were 40 and 80 percent and the initial effective stresses used

were 172 KPa and 690 KPa. The respective loading and unloading

constrained moduli were obtained from Figures 5.4, 5.5, 5.6 and 5.7.

The moduli were determined at strains corresponding to the experimental

laboratory results and their numerical values are given in Table 5.2.

Figures 6.7, 6.8, 6.9, and 6.10 show the results of the finite

difference analysis. In comparing these figures with the experimental

pressure-time histories presented in section D of Chapter V, similar

behavior is evident for the porewater pressure response both during and

after the applied loading. There is also a marked increase in the

residual excess porewater pressure. Table 6.17 presents a comparison

of the finite difference approximation results and the experimental

results. Variations in the results can be attributed to the use of a

static constrained modulus for the soil skeleton ibn the model and

laboratory boundary conditions that could not be exactly simulated by

the finite difference approximation.

G. Anolication of Results

In Chapter 11, several empirical scaling equations were presented

for predicting the peak compressive stress developed by a buried charge

as a function of radial distance from the detonation point and charge

weight. Equations 6.4, 6.5 and 6.6 developed the relationship between

peak compressive strain and peak compressive stress. Since the peak

compressive strain can be estimated, the statistical models developed

in this experimental investigation can be used to approximate the

resulting porewater pressure ratio as a function of effective stress

*..
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Table 6.17 Comparison of Porewater Pressure Ratio* Predicted by
Finite Difference Approximation and Equation 6.11 with
Experimental Results for Monterey No. 0/30 Sand

40 172 1476 .606 .414 .564

40 690 683 .345 .503 .285

80 172 800 .532 .315 .400

s0 690 552 .331 .300 .231

Note: (1) Experimental Results
(2) Predicted by Finite Difference Analysis
(3) Predicted by Equation 6.11
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and soil density. This provides a way to estimate the extent of

regions of porewater pressure increases at distances outward from a

buried charge. An example using this approach follows.

To estimate the peak compressive strains from a buried charge, it

was necessary to use one of the peak particle velocity scaling laws

given in Chapter II with Equation 6.6. For this example, the scaling

law selected was Equation 2.18 (Drake and Little, 1983). When Equation

2.18 is substituted into Equation 6.6, the following equation for peak

compressive strain is obtained:

(5.6) (f) ( R)-23$

apk " V (Eq. 6.28)

where all terms are as previously defined.

If a charge placement depth of 5 meters is used, Equation 2.3 gives

a charge weight of 7 kilograms to insure a contained explosion. For

this depth and weight, the scaled depth of burst is 2.6 /K81/3  and

since this is greater than 0.56 N/Kg1/3 (Figure 2.3), the groundshock

coupling factor, f, becomes 1.0. Assuming a saturated soil, the

compressive stress wave velocity, Va , can be taken as 1500 meters per

second. Substituting these values into Equation 6.28 gives:

apk = (0.086) ()
- 2.35 (Eq. 6.29)

for a confined 7 kilogram charge in a saturated soil.
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The porewater pressure ratio predictor model chosen for this

example is that given by Equation 6.11. Two relative densities were

used, 40 and 80 percent, and the effective stress and peak compressive

strains were varied with the radial distance, R. from the buried charge

depth. When the strains calculated from Equation 6.28 are used in

Equation 6.11, the result gives the porewater pressure ratio as a

function of depth and horizontal distance from the charge.

Since the porewater pressure ratio variation has been determined at

points away from the buried charge depth, a series of contours can be

drawn. These contours are symmetric about the charge location.

Figures 6.11 and 6.12 show the porevater pressure ratio contours for

the two relative densities examined. These results estimate the zones

of potential porevater pressure increase. Figure 6.13 compares the

maximum radius of liquefaction near the ground surface as predicted by

the approach presented and Equation 2.7. The differences in the

estimated maximum radius of liquefaction can be attributed to

variations in soil type and boundary conditions between the

experimental investigation and the field tests.

I'd,!I
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VII. SUMARY, wDNCLUSIONS AND RECOM NDATIONS

A. umN=

The cause of earthquake-induced liquefaction is well understood and

documented. Shear stress wave propagation is the primary cause of

increases in porewater pressures. Although considerable research has

been conducted on explosive-induced ground motions and effects, little

work has been directed towards examining the phenomenon of explosive-

induced liquefaction, hence, this phenomenon is not well understood.

This experimental investigation represents an effort to examine and

establish a fundamental understanding of comprossionally-induced

I ique faction.

A new experimental soil dynamics facility has boon developed to

investigate the transient and long-tezm porowater pressure response of

saturated soils as a function of initial density, initial effective

stress and applied load intensity. The facility is capable of

generating compressive shook loadings on the order of 35000 [Pa with

millisecond rise times to peak stress. Samples of water saturated

Monterey No. 0/30 sand were prepared at relative densities of

approximately 0 , 20, 40, 60 and 80 percent and effective stresses of

86, 172. 345 and 690 [Pa. Each sample was subjected to one-

dimensional, confined, compressive loadings under undrained conditions.

Experimental results have shown that it is possible to liquefy Monterey

No. 0/30 sand under these conditions. Significant porewater pressure

mw
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increases were observed even at high densities and high effective

stresses.

It is evident from this investigation that liquefaction becomes

more difficult to induce with iuoreasing density and effective stress,

since greater energy is required for porewater pressure increases. The

intensity of the applied load is important and liquefaction could be

Induced by a single high amplitude compressive loading or a series of

less intense compressive loadings. Threshold compressive strain

values, below which substantial porewater pressures should not occur.

were determined to be less than about lx10 - 2 percent. Liquefaction was

generally observed at compressive strains greater than about lxlO -

percent.

The data analysis has provided empirical models that can be used to

estimate the compressive strain required to produce liquefaction in a

saturated sand as a fuction of density and effective stress. One

model, Equation 6.11, has been used with an empirical field explosive

scaling equation to develop a method of approximating the extent of the

liquefied zone in the field when buried, contained charges are

detonated in a saturated soil. The results can be applied to estimate

the locations of regions having various porewater pressure increases at

points away from the explosion.

A finite difference approximation was used to model the porewater

pressure response observed in the experimental investigation. The

approximation considered the soil-water mixture as a two-phase material

and included the nonlinear, inelastic behavior of the soil skeleton.

The results were generally consistent with the laboratory behavior and

showed a marked increase in the residual excess porewater pressure.
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Variations in the results can be attributed to using a static

constrained modulus for the soil skeleton in the model and laboratory

boundary conditions that could not be exactly simulated by the finite

difference approximation.

A number significant factors that influence the occurrence of

liquefaction have been reviewed. Both field and laboratory

investigations using explosives have provided consistent observations

about the behavior of saturated soils subjected to transient loadings.

Empirical scaling equations to predict peak particle velocities, peak

compressive strains and peak compressive stresses have been presented.

B. Conl~uions

Based on the results of this experimental investigation as well as

the discussion and review of other work, the following conclusions were

drawn. These conclusions pertain to the laboratory investigation of

saturated Monterey No. 0/30 sand under the experimental conditions as

previously defined in the text and include the following.

Liquefaction can be induced by dynamic one-dimensional, confined
compressive loadings under undrained conditions at the relative
densities and effective stresses used in this investigation.

The experimental results show that it is possible to obtain
significant porewater pressure increases even at high densities
and effective stresses.

Liquefaction can be induced by a single large compressive loading
or a series smaller compressive loadings.

The initial density and initial effective stress are significant
factors that influence the occurrence of liquefaction. In
general, a sample at a high initial relative density and high
initial effective stress requires more applied energy to

110 111
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produce liquefaction than does one at a lower initial effective
stress and initial density.

Substantial increases in porewater pressure did not occur at
compressive strains less than about lxlO percent.
Liquefaction could bt induced at compressive strains greater
than about lzlO percent. Both single and multiple
compressive loadings were observed to produce liquefaction.

The finite difference analysis indicates that liquefaction is
dependent on the unloading constrained modulus of the soil
skeleton which is in turn dependent on the initial density and
initial effective stress. The unloading effects for the soil-
water mixture are significant and liquefaction appears to occur
during unloading due to the nonlinear, inelastic behavior of
the soil skeleton.

The statistical models presented, when used with an empirical
scaling equation for field explosive events, can be used to
approximate the zone of liquefaction around a buried charge.
The models need to be verified and modified to account for
specific conditions in the field.

The results of this investigation have increased the state-of-
the-art in understanding compressionally induced liquefaction
and have extended the data base.

In considering the nature of explosions in the field and the

results of this investigation, the following conclusions can be drawn

relative to the use of buried charges in the field.

Current engineering designs are generally concerned with the peak
particle velocity and damage produced by the explosion and do
not consider any potential porewater pressure increases or
liquefaction effects.

The damage from an explosion in the field may be disproportionate
to the amount of energy released if liquefaction occurs. The
damage would then include the direct effects of the explosion
itself and liquefaction.

Liquefaction may occur at distances and/or peak particle
velocities less than those associated with structural damage.

N % AfI M ll N"
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An estimate of field liquefaction zonation can be made by using
the approach outlined. However, small scale field explosive
tests are recommended to verify and appropriately adjust the
equations to more closely match site specific conditions in the
field.

C. Recommendations

The results of this investigation and the information currently

available in the literature have provided insight into research needs

to better understand the phenomenon of liquefaction as produced by

intense compressive loadings. Based on this, a number of

recommendations can be made.

Research efforts should be extended to investigate the effects of
different soil types and varying degrees of saturation on
liquefaction potential of soils under compressional loading.
Attention also should be given to evaluating both two and three
dimensional loading phenomenon.

Develop a series of fully instrumented, systematically controlled,
small scale, field explosive tests under controlled conditions.
This should involve the variation of initial density, effective
stress, saturation and type of loading. Correlations can then
be made between field and laboratory results.

The statistical models presented and the empirical equations for
explosively produced peak particle velocities should be
evaluated with respect to site specific conditions and modified
accordingly to account for field conditions.

The effects of liquefaction and soil property changes should be
further investigated and incorporated into engineering analysis
and design procedures that consider explosive loading of soils
and structures.

Develop finite element models that will account for the loading
conditions and boundary conditions of this investigation and
extend them to two and three dimensional analyses. Since many
models treat the soil-water system as a one-phase material, it

will be necessary to evaluate a given element of soil as a
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two-phase and three-phase material to more accurately evaluate
the behavior under loading.

Develop methods for evaluating the dynamic constrained modulus of
a soil for both loading and unloading to be used in numerical
models.

Establish a standard data set to be obtained from all field tests
designed to investigate explosively-induced liquefaction. This
should include a complete and appropriate set of information
Including soil index properties, sub-surface profile
characterization, groundwater table location, degree of
saturation of the soil and local geologic conditions.
Detailed information should also be obtained for the explosive
charge being used including type, location, weight, delay times
and charge patterns.

Examine available field ground motion records from explosive
events to define where the transition from one-dimensional
loading to shear loading occurs and evaluate these findings in
terms of their interaction in producing liquefaction.

% N.
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